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astronomers Study 
Planet’s Radiation 


Measure Minute Voltages 
At Lowell Observatory 


Radiation, atmospheric trans- 
mission, and atmospheric water 
\apor content are being measured 
at the Lowell Observatory, Flag- 
staff, Ariz. 


Radiation is measured with a | 


small thermocouple at the focus 
of a telescope, connected to a 
valvanometer. With the big 42- 
inch telescope, a Coblentz-type of 
moving magnet galvanometer is 
used. 


Be. Ci. 
Lampland, at the 
observatory, 
writes, “The 
moving magnet 
galvanometer 
(Coblentz) ... 
has very high 
sensitivity and 
much flexibility 
in that one may 
readily change 
the sensitivity and period to suit 
the requirements . . . the seem- 
ingly contradictory characteristics 


Coblentz 
Galvanometer 


of a short period and high sensi- | 


tivity too, are highly desirable for 
astronomical measurements. 
Sometimes a shorter period will 
permit making use of momentary 
intervals of good seeing.” 

Leeds & Northrup Type HS 
moving coil galvanometers are 
used for measurements with the 
spectro-radiometer. This narrow 
coil instrument has a remarkably 


short period and high sensitivity © 


mpared to other moving coil 
ilvanometers. 


Whether used in measuring | 


idiation from a distant star or 
ie frequency of a 2,000,000 KW 


ower system, Leeds & Northrup 
rl Ad E(5) 


September, 1940 


Upper-Air Weather Radioed 
To Speedomax Recorder 
Small Ballou Data F 60,000 Ft. 


Weather reports from altitudes 
up to 60,000 ft. are being gath- 
ered throughout the country. Use- 
ful in forecasting 
weather, these 
Radio - Meteoro- 
graphs also give 
flyers valuable in- 
formation about 
weather condi- 
tions and wind 
directions. 

Temperature, 
humidity and al- 
titude are radioed 


to a LKN Speed- 


Speedomax 


galvanometers can be depended 
upon to meet the characteristics 
claimed for them. There is one 
for practically every use, and all 
the laboratory models are listed 
in Catalog ED. Write for a copy. 


How to Select a Galvanometer 


If you are faced with a gal- 
vanometer problem, Note Book 
ED(1) “Notes on Moving Coil 
Galvanometers” may help you. 
It tells what factors to consider 
in selecting a galvanometer, and 
the basic theory 
underlying each 
type, including 
the ballistic gal- 
vanometer and 
the fluxmeter. A 
copy of this use- 
ful pocket size 
note book will 
be sent on re- 


Type HS 
quest. 


| 


omax Recorder on the ground. 
Upper-air wind speeds and direc- 
tions may be determined by 
means of direction finding fea- 


tures of the radio equipment. 


The transmitting equipment is 
contained in a balsa wood box 
and weighs about two pounds. 
Attached to a small, free balloon, 
it rises about 600 feet per min- 
ute. The balloon goes up until 
it bursts, and a parachute drops 
the mechan- 
ism to earth. 


Speedomax 
is a completely 
self-contained 
automatic re- 
corder. Sensi- | 
tive and accu- 
rate, it is 
unaffected by 
vibration . . . records any change 
in its range in less than two 
seconds, 


Radio-Meteorographs are- used 
by the Department of Agricul- 
ture’s Weather Bureau, and by 
the Coast Guard which has had 
four on board ships. 


This is only one of the many 
Speedomax applications. If you 
have a high speed recording 
problem, we'll be glad to discuss 
the possibility of solving it with 
Speedomax. 


LEEDS & NORTHRUP COMPANY,4378 STENTON AVE., PHILA., PA. 
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SPECIAL OPTICAL PARTS 


September, 1840 


BAUSCH & LOMB 


Ir your research requires special optical parts for experimental 
instruments, the Bausch & Lomb booklet, “Lenses, Prisms, 
Mirrors,’’ will furnish you with invaluable data on all available 


_ types of optical parts. Listed therein are numerous items of 


glass, calcite and quartz with their focal lengths, dimensions, 
tolerances and prices. All are made to Bausch & Lomb high 
standards of accuracy. Operating its own glass plant, Bausch & 
Lomb exercises complete control from raw material to finished 
product. 

A copy of the booklet will be sent free on request. Write to 
Bausch & Lomb Optical Co., 670 St. Paul St., Rochester, N. Y. 


BAUSCH & LOMB 
OPTICAL COMPANY 


FOR YOUR EYES, INSIST ON BAUSCH & LOMB EYEWEAR, MADE FROM BAUSCH 
& LOMB GLASS TO BAUSCH & LOMB HIGH STANDARDS OF PRECISION 


Please mention this journal when writing to advertisers 


‘ 


Journal 


SEP 41940 } 


8 RA 4 


of 


Physics 


Applied 


Volume 11 


September, 1940 


Number 9 


NE of the most important assets in a pro- 

gram of national defense is a group of 
industries which because of their support of 
scientific research have been able to develop 
new materials, more efficient methods of manu- 
facturing and better means of transportation. 
Such materials as the new plastics, alloys with 
extraordinary properties, synthetic substitutes 
for rubber, etc., which have come from the re- 
search laboratories in the past few years are of 
incalculable value in the manufacture of air- 
planes, warships, tanks, guns and other imple- 
ments of war. New methods of cracking the 
heavier constituents of crude oil and the poly- 
merization of the lighter constituents have not 
only made our automobiles cheaper to run but 
have enormously increased our reserves of high 
vrade fuels for airplanes and tanks. The value of 
this research to the companies in time of peace 
is evidenced by the fact that investment advisors 
recommend most strongly those companies sup- 
porting the most research. Its value to the nation 
is a potential resource in time of war is far 
vreater. 

Although all well-informed persons will agree 
\o the importance of this research of the past 
‘ew years in our defense program, few seem to 
recognize the urgent necessity of providing for 
‘s continuation in the present emergency. In 
ur hysteria to get something done quickly we 
ire likely to operate our factories overtime pro- 
lucing the paraphernalia of war according to 
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present designs only. Yet there is no reason not 
to expect as much technological advance, say, 
in the manufacture of the next ten thousand 
airplanes as in the last ten thousand. If we follow 
present practice blindly the last of the lot will 
be obsolete almost as soon as they are finished. 
To protect our investment we must set aside for 
research at least as great a proportion of the 
expenditures as is done in peace time. 

To learn the proportion of the total expendi- 
tures now going into research we may make use 
of a survey made by Dr. Karl Compton as 
chairman of the Advisory Committee on Scien- 
tific Research of the National Association of 
Manufacturers. He found that of 188 companies 
covered in the survey, ten companies spend more 
than 10 percent of their gross income on research 
while the average spent is about 2 percent. 
Leaders in research at the present time are 
manufacturers in the aviation industry. To keep 
research in all industries at its present peak 
requires that not less than 2 percent of the 
expenditures for national defense go into re- 
search. Thus, if our national defense program is 
to cost ten billion dollars, at least two hundred 
millions should go into research. It is the duty 
of our lawmakers to provide legislation that will 
require manufacturers of war materials to speed 
up their research as well as their material output. 
We, as physicists, must be certain that our legis- 
lators realize the importance of industrial re- 
search as a phase of national defense. 
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New Books 


Static and Dynamic Electricity 


By Wittt1aM R. Smytue. Pp. 560+xviii, Figs. 140, 
15323} em. McGraw-Hill Book Company, New 
York, 1939. Price $6.00. 

The doctrine that mathematical physics should be 
taught by example rather than by lengthy explanation is 
probably subscribed to by most teachers, and would 
seem to be a guiding principle of this book. Thus great 
emphasis has been placed on methods for the solution of 
special problems, even at the expense of curtailing textual 
explanations of general theory. Consequently, the book 
may be more useful in the hands of a competent instructor 
than for self-study. An unusually large number of problems, 
many taken from Cambridge examinations, is included, 
and references to the literature are profuse. 

Particularly to be recommended is the method of dealing 
with units. No one system is adopted exclusively, and 
that used is indicated at the bottom of each page. Vector 
analysis, with the modern American notation, is used 
throughout, and the mathematical methods are relatively 
advanced for a first-year graduate course. 

CARL ECKART 
University of Chicago 


The Acoustic Air-Jet Generator 


By JuL. HARTMANN, Pp. 202+xviii, Figs. 203, 17 25 
cm. Akad. for de Tekniske Videnskaper, Copenhagen, 
1939. 

In this manual is described the theory and operation of 
an ultra-high frequency ‘‘whistle’’ developed by the author. 
The essential part of the apparatus consists of a jet of air 
traveling at a velocity greater than that of sound, striking 
the mouth of a small cavity which is placed a proper 
distance from thé jet orifice. By this means as much as 
100 watts of power can be radiated at frequencies of the 
order of magnitude of 100 kilocycles. Suggested equipment 
for a supersonic laboratory. using this source, is dis- 
cussed in considerable detail; and typical measurements 
with the equipment are considered. The choice of equipment 
is remarkable in that it is all of the “old-fashioned” 
mechanical type; Rayleigh disks, pin-hole indicators, etc.; 
reasonably accurate measurements being possible due to 
the large power available. Nevertheless it seems to the 
reviewer that a few vacuum tubes in the receiving equip- 
ment would attain the same results with much less effort. 

The last two-thirds of the book describes the per- 
formance of the source under all conditions, and discusses 
exhaustively the various interference and diffraction effects 
which can be studied by its use. The book should be quite 
useful to those interested in high power sources of ultra- 
sonic waves in air. 


Puitip M. Morse 
Massachusetts Institute of Technology 
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Physics of the Earth and Atmosphere 


(1) Terrestrial Magnetism and Electricity. J. A. 
FLEMING, editor, and others. Pp. 794, Figs. 295, 
17325 cm. McGraw-Hill Book Company, New 
York, 1939. Price $8.00. 

(2) The Meteorological Glossary (Third edition; first 
American edition). By the Meteorological Office, Air 
Ministry of Great Britain. Pp. 251, Figs. 30, 1422} 
cm. Chemical Publishing Company, Inc., New York, 
1940. Price $3.00. 

These two books, somewhat different in their nature, 
contain a wealth of information for those who are interested 
in the physical aspects of the earth and its atmosphere; 
each book is unique in its field and should be accessible to 
every student who is interested in the geophysical sciences. 

(1) The first volume consists of a number of well-written 
monographs, or chapters, in which each of the several 
aspects of the subject is treated in a very complete way 
by a specialist distinguished in his respective field. Brought 
together as they are in this excellent volume, they present 
a very comprehensive review of the past and present 
knowledge of the earth’s magnetic and electric phenomena, 
and provide a valuable reference book for the geophysicist. 

In the first chapter the earth’s magnetism and magnetic 
surveys are discussed by J. A. Fleming, editor of the 
volume. The history of magnetic observations and mag- 
netic surveys, from the discovery of the lodestone to the 
voyages and observations of the Carnegie, is given. 
A chapter is devoted to magnetic instruments used in 
measuring the direction and intensity of the earth’s mag- 
netic field, and another to the instruments used in ob- 
serving atmospheric electricity. These two chapters are 
very instructive in connection with the theory and methods 
of modern measurements in this interesting field of 
research. 

The history, theory, and methods of magnetic prospect- 
ing are considered in another chapter. The instruments 
used and the interpretation of the data obtained are 
explained, together with a rather complete mathematical 
development of the theories involved. Typical examples 
showing the results of the methods are given. 

The chapter devoted to atmospheric electricity is 
especially well planned and well written. The historical 
introduction, general survey, and logical discussion of the 
subject serve as an excellent introduction for the beginner 
or nonspecialist. In a later chapter the thunder cloud and 
its electrical effects are discussed briefly. 

Separate monographs, or chapters, are devoted to: earth 
currents, their history, measurement, and relation to 
magnetic variations; the earth’s magnetism and its varia- 
tions; the aurora polaris, its space-time distribution and 
solar relationship, and the theory of its formation. 

The highly developed technique of investigation in the 
earth's outer atmosphere is explained with remarkable 
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rity. The use of the multifrequency methods of deter- 
‘ining ionic distributions and the heights of the ionized 
vers is shown. There is repetition of part of this dis- 
ission in a chapter on the meteorological conditions of 
he upper atmosphere and their observations. Various 
roblems of terrestrial magnetism and electricity and their 
relations to other fields of science are covered. To the 
avestigator in this field of research, perhaps the most 
valuable chapter in the book is the last which contains 
\ibliographic notes and a long list of selected and out- 
‘anding references. 

The overlapping in treatment and the repetitions, 
inevitable in a book having a number of authors, in this 
case do not mar the whole; in fact, the difference in 
approach and in viewpoint has in many cases added in- 
terest. The book is uniformly well written, well arranged 
and well illustrated. 

(2) The second volume listed above is the third edition 
of a book well known in Great Britain and offered as its 
first edition in America; to many American meteorologists 
it is an old friend rejuvenated. It is by far the most com- 
plete work of its kind, explaining clearly and fully all of 
the technical terms which one is at all likely to meet in 
meteorology. It is more than a mere glossary; to some of 
the terms, such as adiabatic, air mass, clouds, gradient wind, 
harmonic analysis, radiation, trade winds, visibility, and 
many others, more than a page is devoted to their complete 
explanation and discussion. In some instances the mathe- 
matical theory is included briefly, as well as equations 
and constants. There are thirty figures and charts con- 
sisting of illustrations of aurora, cloud formations, weather 
maps and other diagrams. 

A very commendable feature of the book is the large 
section at the end devoted to the equivalents of the 
-nglish meteorological terms in Danish, Dutch, French, 
German, Italian, Norwegian, Portuguese, Spanish and 
Swedish. The book is well written, clear, complete and 
concise in the explanations offered. This is a book 
which should be very useful to everyone interested in 
meteorology. 

Joun G. ALBRIGHT 
Case School of Applied Science 


The Raman Effect and its Chemical Applications 


By James H. Hippen. Pp. 544, Figs. 72, 15}*23} 
cm. American Chemical Society Monograph Series, 
Vol. 80. Reinhold Publishing Corp., New York, 1939. 
Price $11.00. 


Since the discovery of the Raman effect in 1928, many 
chemists and physicists have wondered whether it could 
he of use to them as a tool in their own researches. This 
book is an answer to at least some of their questions. 

The first section contains a discussion of the experi- 

ental method and four chapters on the theory, written 

: collaboration with Professor Edward Teller. The in- 

rnal motions of molecules are treated in detail and the 

sulting infra-red and Raman spectra are described. The 

‘cory is applied to thirteen molecules cf various symmetry 
pes and formulas show the relation between the fre- 
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quencies and the geometry and force constants of the 
molecule for both central and valence forces. 

These chapters will probably be disappointing to many 
readers since they are too incomplete for the experienced 
and will not be followed easily by the novice. It is un- 
fortunate that more space was not given to a discussion 
of the symmetry of molecules since once the elements of 
group theory are explained, the properties of the normal 
vibrations follow so neatly. The printing of formulas, here 
and elsewhere, is untidy; many characters are either too 
large or too small and some symbols are unhappily chosen. 
The figures showing the normal modes of vibration are 
poorly drawn and some are incorrect. 

The remainder of the book deals with the spectra of 
organic and irorganic compounds, this being the most 
interesting part. The results of various investigations on a 
given compound have been critically analyzed and inter- 
preted so that the reader is able to get a complete summary 
of the work which has been done. 

The book is closed with a bibliography and index of 
compounds, the former being complete to about June, 
1939. 

Anyone working in this field should own the book for 
reference; that many will not, can be attributed to the 
extremely high price of about two cents per page. 

GEORGE M. MURPHY 
Yale University 


The Cyclotron 


By W. B. Mann. Pp. 92+xi, Figs. 32, 10317 cm. 
Chemical Publishing Company. New York, 1940. 
Price, $1.50. 

Although the cyclotron is a comparatively new instru- 
ment, a great deal of work has been done in its develop- 
ment, and today it is a highly practical instrument. A new 
art of vacuum and electrical control technique has been 
developed around this new apparatus. The details of con- 
struction and general information have been widely 
dispersed, and for the first time this information has been 
collected and compiled in this excellent monograph. This 
monograph will be welcomed by all workers in this field, 
for it brings together a large amount of information. The 
author spent considerable time at the University of 
California during the time of the rapid development of 
the cyclotron and is well qualified to write the monograph. 

The scope and contents may best be given by the 
following abbreviated chapter headings: Magnetic Reso- 
nance Acceleration, Vacuum Chamber and Magnet, High 
Frequency Supply and lon Source, Electrostatic and 
Magnetic Focusing and Adjustments, Applications. Each 
of these subjects is discussed in some detail with com- 
plete references to the literature. It is to be regretted that 
recent important developments such as the beam control 
apparatus developed at Harvard, magnet current regu- 
lators, and the latest developments in capillary ion sources 
could not have been included. 

The monograph can be recommended to anyone who is 
interested in cyclotrons. 

A. J. ALLEN 
University of Pittsburgh 
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Proceedings of the Seventh Summer Conference 
on Spectroscopy and Its Applications 


Foreword by G. R. Harrison. Pp. 154+4+viii. Figs. 71, 
19X25 cm. John Wiley & Sons, Inc., New York. 
Price $2.75. 

Proceedings of the Seventh Summer Conference on 
Spectroscopy and Its Applications, published by the 
Massachusetts Institute of Technology Press, with Dr. G. 
Kk. Harrison as editor, represents a typical cross section of 
work that is being done currently in the rapidly developing 
field of spectrochemical analysis or, if one prefers, the field 
of applied spectroscopy. The papers present progress that 
is being made in this field, ranging from routine factory 
control problems such as ‘‘The spectrographic installation 
at the Ford Motor Company” where steel analyses are 
completed within six minutes of receipt of sample, to 
“The detection and estimation of molecules in the stars.”’ 
Other applications include the use of emission spectroscopy 
in metallurgy, agriculture, ceramics and testing of im- 
purities in organic chemicals and the use of absorption 
spectroscopy in studying the spectra of simple hydro- 
carbons and of more complex organic compounds in 
biology and medicine. Spectrophotometry is discussed. 
Several papers discuss equipment, one covering testing of 
gratings, another a spark source, and others, new micro- 
photometers or densitometers. Other papers present 
progress reports from laboratories such as, for example, 
the National 
spectroscopic suggestions’ 
graphic process.” 


Bureau of Standards; or discuss ‘‘some 
or ‘fundamentals of photo- 
In brief, the papers cover so many 
phases of spectrochemical analysis that they not only keep 
the reader currently informed but the volume together with 
its predecessors forms a good history of the progress being 
made in spectrochemical analysis. 
Mary E. WaARGA 

University of Pittsburgh 


Moderne Kurzwellen-Empfangstechnik 


By M. J. O. Strutt. Pp. 245+vi, Figs. 176, 16 24} 
cm. Verlag von Julius Springer, Berlin, 1939. Price 
RM 18.60 and 19.80. 

As is natural during any period of rapid development, 

the literature concerning short wave and ultra-short wave 

radio is still confined largely to original articles scattered 
throughout the technical journals. Dr. Strutt'’s carefully 
and clearly written book will be welcomed, therefore, for 
its coordinated presentation of much introductory and 
basic material related to short wave receiving technique, 
as well as for its examples showing the present state of the 
art in the Netherlands. 

Throughout the book, the major emphasis is placed upon 
the wave-length range 1-10 meters, with frequent applica- 
tion to television. More cursory is the treatment of the 
range 20-100 centimeters. 

The book contains six chapters. The first deals with 
receiving antennas. The half-wave antenna is carefully 
discussed, with briefer mention of wave reflectors and di- 
rectors, and of the effect of reflections from boundaries. 
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No mention is made of electromagnetic horns for the ultra 
high frequencies. 

Chapter Two is concerned with methods for conducting 
the wave energy from the antenna to the receiver. The 
essential characteristics of the parallel wire line and the 
coaxial cable are thoroughly treated. One section is allotted 
to wave guides, but its treatment is very superficial. 

The next chapter is devoted to methods and apparatus 
for measuring current, voltage, and impedance for wave- 
lengths down to 20 centimeters. 

The fourth chapter discusses the amplification of voltage 
and current. The principal concern is with pentodes and 
particularly their application to multi-stage amplifiers for 
television receivers. Finally come sections on distortion, 
noise, and frequency limits of amplification. 

Chapter Five deals with heterodyning and rectification 
with especial emphasis upon push-pull circuits for high 
and ultra-high frequencies. 

The last chapter contains miscellaneous topics, among 
which are receiving apparatus for decimeter waves and 
reception of frequency modulated signals. 

Twenty pages of mathematical addenda are included, in 
which some subjects are amplified and restated in terms 
of complex quantities. 

The bibliography is adequate, although by no means 
complete. No footnote references are given. The reference 
method used is that of listing, at the end of each section, 
a number of pertinent sources in the bibliography. This 
makes it quite difficult to know exactly which reference to 
consult for a specific thing. 

In the reviewer's opinion, the dichotomy of receiving 
and transmitting techniques is somewhat artificial, es- 
pecially in the ultra-short wave region, where both are 
indeed intimately related. The limitation in the present 
case, therefore, tends to detract from its value as a complete 
survey. Nevertheless, this book will be of great interest 
and utility to the radio specialist and is also to be highly 
recommended for general readers. 

W. A. TyRRELL 
Bell Telephone Laboratories 


Theory of Lubrication 


By M. D. Hersey. Pp. 175+-xii, Figs. 24, 15} x 23 cm. 
John Wiley & Sons, Inc., New York. Second Printing, 
1938. Price $2.50. 

The writer reviewed the first printing of this book, 
dated 1936, in the March, 1937 issue of this journal. Its 
second printing is evidence of the fact that it is a well- 
written exposition of the introductory elements of the 
general field of lubrication. The second printing brings the 
book up-to-date, as of January, 1938, by the expedient of 
adding a closing 21-page chapter (plus 101 references) 
entitled ‘“‘Recent Developments,” in which is effectively 
achieved that which would be anticipated from the title. 
This book still represents the best introduction in English 
to the subject of lubrication that has been published in 
recent years. 

Morris MusKat 
Gulf Research and Development Company 


JOURNAL OF APPLIED PHYSICS 


Modern Science 


By Hyman Levy. Pp. 736+x, Figs. 160, 16} 25 cm. 
Alfred A. Knopf, New York, 1939. Price $5.00. 

The title of this book is somewhat misleading, for 
\lodern Science suggests a treatment of the discoveries of 
‘he twentieth century. Professor Levy’s book, despite its 
‘ithe, is not greatly concerned with the new science. Instead 

s principal role is to present a highly reliable, matter-of- 
fact, and lucid description of some aspects of Newtonian 
physics and cosmology. The level of difficulty is such that 
ihe thoughtful and intelligent college graduate without 
much scientific training can follow the argument page by 
page. The book will be a welcome addition, also, to the 
reserve shelf of the introductory course in physical science. 

The volume, written by a mathematician, contains 
much that is novel and significant for the physicists, par- 
ticularly as to the philosophical approach. However, with 
certain exceptions, physicists will find the tempo too slow 
for gainful reading. The section on the social aspects of 
-cience is one of these exceptions. In it the author argues 
that the researcher from Archimedes to Einstein in 
choosing subjects of investigation has always been con- 
ditioned both by the economic needs of his day and also 
by the prevailing climate of opinion. Another good section 
tells the story of the development of the incandescent 
lamp and of the more recent vapor lamp. 

Professor Levy is to be commended for giving us a 
worthy treatment of some topics in the classical physics. 
Nowadays most popularizers of physics limit themselves 
\o the spectacular achievements of the twentieth century. 
they write sparkling, enthusiastic accounts of the capture 
and taming of the electron, the positron, and the cosmic 
ray. In these books there is little or no emphasis on 
fundamental, basic science. In consequence, the public 
has come to believe that physics, though a wonderful 
subject, is too far removed from daily life and too intricate 
to be understood by common men. In order to remedy this 
evil, we need more popular accounts like this one of the 
old-fashioned physics, more about the physics of auto- 
mobiles and of the playground, and, perhaps, fewer books 
bout atomic disintegration and nuclear energy. 

O. B. BLackwoo> 
University of Pittsburgh 


Wavelength Tables 


By GeorGce R. Harrison. Pp. 429+ xxviii, 19X28 
cm. John Wiley & Sons, Inc., New York, 1939. 
Price, $15.00. 
Publication of Wavelength Tables by the Massachusetts 
‘nstitute of Technology Press marks a milestone in the 
ipidly developing field of spectrochemical analysis and 
pplied spectroscopy. According to its introduction, ‘‘The 
‘ain tables in this volume contain 109,275 entries, giving 
he wavelength, the intensity in arc, spark, or discharge 
ibe, the stage of ionization of the parent atom when the 
ne has been classified in a term array, and the wave- 
ngth authority, for each of the most important known 
ectrum lines emitted between 10,000 and 2000 angstroms 
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by atoms in the first two stages of ionization.” It also 
gives two very useful tables of 500 ‘‘Sensitive lines of the 
elements,” one arranged by elements, the other in order of 
wave-lengths. With the lines are their corresponding excita- 
tion potentials and their relative sensitivities. 

It is almost uncanny that a volume of this size and scope 
in its first edition should have only about a dozen errors. 
Credit for this is due largely to its editor, Dr. G. R. 
Harrison, whose ingeniousness in devising an automatic 
computing and recording comparator for measuring wave- 
lengths and intensities of spectrum lines enabled such data 
to be accumulated. Also, his careful guidance of well- 
chosen assistants with the aid of a W.P.A. grant enabled 
him to produce such a valuable and accurate set of 
tables. This volume is a ‘‘must”’ in every spectrographic 
laboratory. 

Mary E. WaArRGA 
University of Pittsburgh 


Proceedings of the Fifth International Congress 
for Applied Mechanics 


Cambridge, Massachusetts, September 12-16, 1938. 
Edited by J. P. Den Hartoc anp H. Peters. Pp. 748 
+xxxi, illustrated, 2228} cm. John Wiley & 
Sons, Inc., New York City, 1939. Price $6.00. 

The extraordinarily rapid developments in the science 
of applied mechanics during the past fifteen years are 
recorded in the Proceedings of the International Congresses 
for Applied Mechanics, which contain the papers presented 
at the quadrennial meetings of the Congress. The present 
book is the fifth of the series and it even surpasses, in 
the quality and usefulness of its subject matter, the high 
standard set by the preceding volumes. 

Most of the outstanding names in applied mechanics 
research are included among the one hundred and seventy- 
five authors, while the one hundred and thirty-three papers 
treat almost every subdivision of the science. The latter 
are grouped into three sections: Elasticity and Properties 
of Materials, Mechanics of Fluids, and Dynamics. 

The first section deals mostly with the theory of bending 
and buckling of beams, plates, shells and structures and 
solutions, both mathemafical and experimental, of: special 
problems. Also included are contributions to the general 
theory of elasticity and reports of recent advances in 
photoelasticity, plastic flow and creep. 

Discussions of the statistical theory of turbulence and 
its application to problems in aerodynamics and hydraulics 
play a leading role in the second section. A number of 
papers report on mathematical and experimental investiga- 
tions of fluid flow around obstructions and dynamic effects 
on the retarding structures. Occasional papers deal with 
such diversified subjects as heat transfer, flow through 
granular media, sediment suspension, and applications of 
fluid mechanics to meteorology and oceanography. The 
section concludes with a group of papers on lubrication 
problems. 

In the dynamics section there are treated problems on 
vibration, impact and wave propagation, with applications 
to railway and aeronautical engineering, internal com- 
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bustion engines and ship design. Throughout the volume 
may be found papers dealing with problems in applied 
mathematics encountered in the study of mechanical 
systems. 

To the student of applied mechanics this book will serve 
as inspiration and guidance for further study, while to the 
practicing engineer or physicist, it will be a valuable 
reference book in which he will find or be directed to the 
solutions of his more difficult technical problems. 

The editors of the volume are to be congratulated on 
their choice of a format for the book which is a fortunate 
and economical departure from the usual style. 

R. D. MINDLIN 
Columbia University 


Statistical Thermodynamics 


By R. H. FowLer A. GuGGENHEIM. Pp. 
693+x, Figs. 65, 7104 in. Cambridge, at the 
University Press. New York, The MacMillan Com- 
pany, 1939. Price $9.50. 

To a certain extent this book is a revision and condensa- 
tion of Fowler's Statistical Mechanics (referred to in this 
review as S.M.). However, the approach is different and 
the treatment less formal. The title is chosen because the 
methods of thermodynamics are carried as far as possible, 
and then statistical atomic theories are used to obtain the 
information which thermodynamic methods cannot supply. 
Since this book is concerned with applications, reference 
is made to Tolman for a critical discussion of the founda- 
tions of statistical mechanics. (The recent papers by 
Kemble appeared too late to be mentioned. } 

A few topics that were treated in S.M., such as stellar 
atmospheres, fluctuations, and the mathematical details of 
the method of steepest descents, are omitted from this 
treatise. Some topics are treated much as in Fowler’s 
previous work, but in the more active fields there are 


- extended discussions of recent work. The section on 


imperfect gases has been extended to include an account 
of the theory of condensation as developed by Mayer, 
Kahn, and others. Other topics to which increased atten- 
tion has been devoted are liquids, surface phenomena, and 
order-disordér phenomena. A section has been added on 
lattice imperfections—a topic which affords one of the best 


illustrations of the methods of statistical thermodynamics. 


The authors seem more confident than are some other 
physicists who have considered the problem that the 
“hole’’ mechanism is the only process of diffusion that is 
at all likely. 

Commendable features of this book are the descriptive 
sections at the beginning of each new topic, the careful 
statement of assumptions, and the frequent warnings that 
a simple model has been used and ‘‘we must be careful not 
to stretch the model beyond the breaking point.’”’ A few of 
the topics which the reviewer considers particularly well 
treated are the specific heats of gases, interatomic forces, 
the structure of liquids, and chemical kinetics. 

The reviewer's reaction to the entire book is very favor- 
able and he believes that the authors have succeeded in 


their attempt to make the results of statistical analysis 
more readily available to students of physics and chemistry. 
MILLARD F. MANNING 
University of Pittsburgh 


Electrodynamics 


By L. ann N. I. Apams, Jr. Pp. 506+-xii, Figs. 
115, 6}9} in. D. Van Nostrand Company, Inc., 
New York, 1940. Price $6.50. 

It is the aim of this book to present a unified, logical 
development of electrodynamics based on the emission 
theory. According to this theory a charge is pictured 
“as a group of emittors, each of which sends forth a stream 
of moving elements with the velocity of light in much the 
same way as a machine gun fires a stream of bullets. The 
locus, at any instant, of the moving elements which have 
been projected from a given emittor, constitutes a line of 
force."’ The kinematical treatment of these moving ele- 
ments in terms of the principle of relativity is sufficient to 
determine the density and direction of the lines of force 
and hence the field intensity. The electric field is the funda- 
mental entity and a magnetic field is only a component of 
the electric field which is produced when the charge is 
moving with respect to the observer. Starting with these 
postulates the whole of electromagnetic theory is derived. 

The first chapter is devoted to vector and tensor analysis, 
Much of this material should be familiar to a student using 
such a book, but it is convenient ‘to have all the necessary 
formulas and their derivations collected under the same 
cover and in the same notation. The second chapter is 
devoted to the principle of relativity and the derivation 
of the various transformations. The next two chapters 
give derivations of Maxwell’s field equations and the force 
equation from the postulates of the emission theory. In 
Chapter V these results are extended to material media. 
Chapter VI contains a very satisfactory discussion of 
energy and stress relations. 

The latter part of Chapter VI and Chapter VII are 
devoted to boundary value problems, and Chapter VIII 
to the electromagnetic theory of light. These discussions 
can be followed without detailed reference to previous 
chapters. The chapter on the electromagnetic theory of 
light is very clear and complete and includes sections on 
propagation in anisotropic aad optically active media. 

Chapter IX is devoted to the formulation of electro- 
dynamics in terms of four-dimensional vectors—the fourth 
dimension being ict. The authors emphasize that while 
this treatment affords an elegant approach, it is not 
particularly useful in the solution of problems. 

The last chapter is devoted to general dynamical 
methods and the solution of special problems, including 
the magnetron and cosmic-ray trajectories. It would have 
been interesting had they included a discussion of the 
cyclotron and the problems introduced by the relativistic 
variation of mass. 

The authors are to be congratulated on the clarity, 
thoroughness, and logical sequence of their exposition. 
Those interested in a development of the laws of physics 
from a minimum number of assumptions will find this 
book worthy of their study. 
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On a few points the reviewer would like to raise questions 
nd state his own reactions. As is quite proper in such a 
reatise, the authors make no use of quantum-mechanical 

results and mention them only casually. It might, however, 
ave been desirable in the discussion of the Hall effect to 
point out that for many metals the classical theory does 
not even give the correct sign and that the reason for the 
diserepancy is known. In general, it seems to the reviewer 
that a classical treatment of a problem which is known to 
require quantum mechanics is desirable only when it is 
simple or affords a good approximation. It is hoped that 


students will study this book only after becoming familiar 
with a more conventional treatment such as that given by 
Professor Page in his Introduction to Theoretical Physics. 
This reviewer would prefer that future physicists meet 
Maxwell’s equations first as inductive generalizations from 
the experimental work of Cavendish, Ampere and Faraday, 
rather than as deductions involving the principle of 
relativity. 
MILLARD F, MANNING 
University of Pittsburgh 


Just for Fun 


“Toughest damn atom I ever saw!” 
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On the Flow of Suspensions Through Narrow Tubes 


F. Jonnson Drx anp G. W. Scott BLair 
National Institute for Research in Dairying, University of Reading, Reading, England 
(Received December 29, 1939) 


The anomalous flow of certain suspensions through 
narrow tubes, known as the “‘sigma”’ phenomena, for which 
no fully satisfactory explanation has yet been given, is 
discussed. If it be assumed that the streamlining layers are 
not infinitely thin, so that a summation treatment takes 
the place of an integration, a series of equations can be 
derived depending on the relation assumed to exist bet ween 
velocity gradient and shearing stress and on the nature of 


the friction between the layers. These equations reduce, in 
the limiting case of infinitely thin layers to the well-known 
forms of Poiseuille, Buckingham-Reiner, etc., and the 
general equation of Schofield-Scott Blair can also be 
derived. For finite thicknesses of layer, the equation derived 
adequately explains the sigma-phenomenon, and this is 
shown quantitatively by applying it to the data given in 
the original paper. 


V, Volume flowing in unit time. 

R, Radius of capillary. 

r, Distance from axis of a particular 
point in the capillary. 

L, Length of capillary. 

P, Pressure difference bet ween ends of 
capillary. 

W, Shearing stress at wall of tube. 

S, Shearing stress at a point inside the 
tube. 

o, d(V/wR?*)/d(PR/2L). 

oo, Intercept of ¢/R curve on ¢@ axis. 


TABLE OF SYMBOLS 


0, Thickness of a layer in summation 
treatment. 

n, The number of a particular layer 
from center. 

N, The number of layers. 

F, The dynamical frictional const. 
between layers. 

Ym, The velocity of the nth layer. 

¢, Fluidity of liquid film in plug flow. 

e, Thickness of above film. 

n, Coefficient of viscosity. 

So, The yield value. 


p, Pressure required to overcome yield 
value at any point. 

u, The mobility=d (shear rate)/d 
(shearing stress). 

k, The ratio between the thickness of 
the layers 2 and the radius of 
the center plug. 

«’, Thickness of water film between 
layers. 

00, Radius of center layer. 

k’, ‘‘Compression” constant for layer. 

K=k'P/2L. 


INTRODUCTION 


N studying the flow under stress, of clay, soil 

and mineral pastes through a series of narrow 
glass tubes, Schofield and Scott Blair'~* found 
that the pastes flowed faster through the nar- 
rower tubes relative to the wider ones, than 
simple theory would allow. It was shown 
theoretically that for any system, if (1) each 
particle of the material moves in a straight line, 
at a constant velocity, parallel to the axis of the 
‘tube ; (2) there is no slippage at the wall ; and (3) 
the velocity gradient, at any point, is some 
function of the shearing stress at that point, and 
depends on nothing else, then, whatever the 
nature of this function, data derived from a 
series of capillary tubes of varying radius and 
length, must fall on an unique curve when 
V/rR® is plotted against PR/2L. The pastes 
which showed the anomaly mentioned above 


1 R. K. Schofield and G. W. Scott Blair, J. Phys. Chem. 
34, 248 (1930). 

2G. W. Scott Blair, J. Phys. Chem. 34, 1505 (1930). 

3 R. K. Schofield, and G. W. Scott Blair, J. Phys. Chem. 
35, 1212 (1931). 

*R. K. Schofield and G. W. Scott Blair, J. Phys. Chem. 
39, 973 (1935). 
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(which came to be known as the “sigma phe- 
nomenon”’)* did not show an unique curve when 
plotted in this way. No fully satisfactory expla- 
nation for the phenomenon was given, but it was 
found that, if it were assumed that a layer of 
material, of thickness independent of R, lying in 
the immediate proximity of the wall of the tube, 
had rheological properties different from those of 
the bulk of the material, an equation could be 
derived which quantitatively fitted. the data. 
This equation was of the same mathematical 
form as that for plug flow, but the phenomena are 
quite distinct, and often occur simultaneously, 
the extent of the sigma phenomena being 
generally about a hundred times greater than 
that of the plug flow. 

The treatment may be summarized as follows: 

Schofield and Scott Blair first deduce the 
general equation : 


sf (S)d Sd. 1) 
Ww J Ss j 


* The phenomenon is fully described by G. W. Scott 
Blair, Introduction to Industrial Rheology (Blakiston, 1938). 
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\Vhen specific assumptions are made about the 
ature of this function, flow equations can be 
deduced which are identical with those of 
Poiseuille, Buckingham-Reiner,’® Ostwald-de 
\Vaele? § and so forth. 

In the case of the data from the clay pastes 
rR? is plotted against PR/2L, and the 
slope of the curves [o=d(V/2R?*)/d(PR/2L) ] is 
plotted against R. These derived curves, which 
are straight lines passing through the origin for 
normal systems, give an intercept on the o-axis 
(oy) for anomalous materials. 

It was further suggested that the statistical 
orientation of anisotropic particles might be 
greater nearer the wall of the tube, and so 
produce easier flow there, though the explanation 
was not fully satisfactory, since the anisotropy 
of the disperse phase was in no way related to the 
extent of the phenomenon. 

Similar phenomena were observed by a number 

of other authors. Thixotropic systems show a 
superficially similar behavior due to the fact that 
the more drastic shearing in the narrower tubes 
produces a greater thixotropic breakdown, but 
the suggestion of Ambrose and Loomis® that 
thixotropy might explain the sigma phenomenon 
in the case of apparently nonthixotropic clay 
pastes, was shown to be incorrect, since, were 
this the true explanation, shearing through longer 
tubes should produce relatively faster flow than 
through short tubes, and Schofield and Scott 
Blair showed that this was not the case.‘ 
Philippoff'® gives an interesting discussion on the 
distinction between these phenomena, and Scott 
Blair, Hening and Wagstaff‘ describe a super- 
ficially similar behavior in the case of cream, but 
here, experiments with tubes of various lengths 
show that a definite breakdown under shear is 
taking place. 

It occurred to one of us (G.W.S.B.) some time 
ago that a possible explanation of the sigma 
phenomenon might lie in the fact that in any 
integration such as that of the Poiseuille, or more 
venerally, the Schofield-Scott Blair equation, it 
is assumed that the layers of material sliding 


*E. Buckingham, J. Am. Soc. Test. Mat. 1154 (1921). 
°M. Reiner, Kolloid Zeits. 39, 80 (1926). 

7 W. Ostwald, Kolloid Zeits. 36, 90, 157, 248 (1925) etc. 
* A. de Waele, J. Am. Chem. Soc. 48, 2760 (1926) etc. 
*H. A. Ambrose and A, G. Loomis, Physics 4, 265 (1934). 
‘W. Philippoff, Kolloid Zeits. 43, 163 (1938). 
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past each other are of negligible thickness. The 
clay and soil pastes studied by Schofield and 
Scott Blair were prepared by sieving through a 
100 mesh/inch sieve, and in the case of the soil 
pastes, as well as of the mineral pastes also 
studied, particles up to this size must have been 
present. It would, therefore, seem better to 
replace the usual integration by a summation 
implying a finite thickness of the shearing layers. 
It is not suggested that this gives any exact 
physical picture of the state of affairs, but as a 
mathematical treatment, it is much to be pre- 
ferred to the usual integration.* 

Since we do not regard the shearing layers as 
being of constant thickness, it has been suggested 
that although a summation treatment appears at 
first sight to be more logical than an integration, 
the latter would, over a period of time, give a 
sufficiently close approximation to the actual 
state of affairs.** If the latter method is used, 
however, the sigma phenomena can only be 
accounted for by introducing the conception of 
anomalous flow in a comparatively broad region 
near the wall of the tube, and there is no evidence 
for such a hypothesis. If ordinary plug flow, 
which is known to exist, could account for the 
phenomenon, this would undoubtedly be the 
simplest explanation, but in fact, as already 
stated, ordinary plug flow can only account for 
about a hundredth part of the anomaly. 

A summation treatment would lead to the 
formulation of a figure of extrusion such as is 
shown in Fig. 1. 

There are two ways in which this figure might 
be summed. Either we might consider each hollow 
cylinder as a separate unit, as indicated .by the 


ay 
SESE 
relative velocity 
Ve 
Volume per unit lime 


* 
(a) (b) 


Fic. 1. (a) First method of summing. (b) Second 
method of summing. 


* This idea was discussed with Dr. R. Eisenschitz, to 
whom we are indebted for suggestions concerning the 
treatment. 

** We are indebted to Dr. R. K. Schofield for this 


suggestion. 
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shading in Fig. 1 (a), or we can regard the figure 
as a number of cylinders of varying radius laid in 
juxtaposition, as shown by the shading in Fig. 


1 (b). The treatment is much simpler if the latte: 
procedure is used, and the summations which 
follow are all made in accordance with scheme (b). 


TREATMENT BY SUMMATION 


The first type of suspension to be considered consists of rigid particles in a fluid medium such as 
mineral, soil, or clay pastes in water. We then assume that a convenient physical picture of the flow 
is given if we postulate that it takes place by the telescoping of concentric layers of equal thickness. 

(a) A general treatment, equivalent to Schofield’s treatment for true fluids, would assume that the 
difference in the velocity between layers, divided by the thickness of a layer depends only 6n the 
shearing stress. This equation should then reduce to Eq. (1) when the thickness of a layer becomes 
infinitely small. The Schofield-Scott Blair equation 


V 2 w Ww 
f Ss f f(S)dSdS 
rR Wid, Js 


can be simplified, by integration by parts, to 


V 1 Ww 
f S)dS. (2) 
rR? 
Now directly from scheme (b). v 
x(nd)*0-f( Pnd/2L) 
1 


N 


n*f(Pnd/2L), (3) 


1 
which, in the limiting case where 0-0, VN «, and Nd=R, reduces to Eq. (2). 
We can now treat some special cases of the above assumption. 
(b) Assume that there is a dynamic friction between the layers, and that there is also a static 
friction requiring a shearing stress, So, to overcome it (i.e., a yield value). 


We have P=2LS/nd, and let the pressure required at any point to overcome the static friction be 
p=2LSo/nd. 


The equation of flow can then be written 


ro N 2LS»y 
V=— 2 p- 
2LF 21 


2LFIL4 4\ Pa Pa 
2LS, 1 R/R 2R 2LSy) 1 2LS)/2LS» 
@6aXae a d 6 PaX Pa Pa 


Now let V=R/0—@, 0-0 and putting p=2LS)/R 
_ ph 4 


Thus in the limit, as hx=1/n 


(5) 
which is the Buckingham-Reiner equation® ® 
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(c) Suppose there is a simple dynamic friction only, opposing the relative movement of the layers. 


Then So=0 and from Eq. (4) we have: 
1 
4 


There are two extreme cases of this canitiun. 
(1) Where d= R, and, if we postulate that the friction between layers is due to the shearing of a thin 
film of the liquid medium of fluidity ¢ and thickness e, f=1/¢e. This gives 


which is the equation derived by Buckingham! for plug flow. 
(2) Where 0-0, and N—« and Nd-R. In this case Fd-—>n, the viscosity. Then this gives 


V=PrR‘/8nL 


which is the Poiseuille form. 


(d) Up to this point it has been assumed that the radius of the tube is an integral multiple of the 
thickness of a layer, i.e., R= NO. 

The equations therefore only represent isolated points of a graph and we have no evidence that the 
curve drawn through these points is an accurate representation of the flow as the radius is varied by 
steps which are not integral multiples of @. 

Suppose that as the radius of the tube is varied by steps which are not integral multiples of 0, the 
thickness of layers 2 to N remains constant and equal to 0, but the thickness of the center plug 
(layer 1) varies from $0 (diam. 3) to 3d (diam 30), in order to account for the difference between the 
radius of the tube and the nearest integral multiple of 0. This means that when the radius of the tube 
is increased, as soon as the radius of the center plug tends to become greater than 30, it breaks up, 
forming a new center plug of radius 30 and a new layer round it of thickness 9. 

The ratio between the thickness of a layer, 0, and the radius of the center layer is signified by k. 

The radius of the tube will then be: 

R=(N-1+k)d 
and the shear on any layer n 
S=P(n—1+k)d/2L. 


Then 
Prd N 
V=— Pn) (n—1+h)?. 
1 


Making the required summations we find that 


2LF 1438 


where R is no longer an integral multiple of @. 

A correction has thus to be made equal to }2(—1)? if we assume that the line joining the isolated 
points for V, when R is equal to integral values of 0, gives the flow at nonintegral values. As k varies 
from } to 3, this is negligible if the radius of the tube is several times greater than the thickness of a 


single layer. 
_ Prd? —(-+ 1) 
4a 


Now assume the continuous equation : 
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Fic. 2. The derived curve for a suspension of rigid particles. Fic. 3. Flow curve for suspension having no yield value. 
Expanding 
Pr&(R' R 
V=- +—}, (6) 
8LF lat 
V PR 0 
—| 
rR? 2L R 
If 
V PR({ R 1 
— 
wR? 2L\4F0 2F 
V sPR R 1 
Slope of — -/— is ——+—=¢ 
2L 4FS 2F 


If we now plot o vs. R we obtain a curve of the form shown in Fig. 2. 
Naturally when R is approximately equal to @ this breaks down, but if the best straight line is 


drawn through thé points plotted for ¢/R for a number of tubes, the slope and intercept should be as 


shown in Fit. 2. 
'. (e) Returning to Eq. (6) we deduce: 
2 @ 


2L 4Fid R R 


If R> the third term can be neglected. Whence: 
(7) 


isi 2 
R 


Then if ’/7R* is plotted against PR, 2L for different values of R, the resulting graph will consist 
of a series of straight lines passing through the origin, and having a stope of (1/4F)(1/0+2/R). See 


Fie. 3.° 
~ * See also Fig. 1. Ao, reference 1. 
JOURNAL OF APPLIED PHYSICS 


578 


J ‘ 
e 


Now let us consider in the same way the flow equation when there is static friction. 


When the pressure is sufficient to cause shearing in all layers, i.e., 2L.S)/Pd<1 Eq. (4) may be 
written 


r 


4 ’ 


243 
2LF a“ 60 L a a 


7TR® 2L R Ri 6FLO R R 
If R>9 we can neglect 0/ R*® terms. Then plotting (V/7R*)/(PR/2L) for tubes of varying radii we 
obtain a series of straight lines, one for each tube, of slope (1/4F)(1/8+2/R), each of which cuts the 
axis at —(So/6F)(2/8+3/R] and the PR/2L axis at 3.S9(2R+30) /(R+20), which, if R is very 


large compared with 0, approaches 43.9 but for values of R nearer to 0, is somewhat less. See Fig. 4. 
From Eq. (8) we can deduce that 


V PR Sof2R 
6FL A R 


4+. 
wR? 2L R 


Then the slope of (V/+R?)/(PR/2L) is again (1/4F)[R/8+2+0/R] or if 


d( R 1 


d(PR/2L) 4Fa 2F 
in which case, plotting ¢/R, we have exactly the same result as if there were no static friction. The 
intercept of the (V/2R?*)/(PR/2L) curve on the PR/2L axis is given by 3.S59(2R+30)/(R+20) which 
again tends to 44.89 when 

(f) If the particles in the suspension are not rigid, it is reasonable to suppose that the thickness of 


the layer is dependent on the shearing stress across it, and such a hypothesis probably also covers a 
number of other physical conditions. 


PR 
aL 


Fic. 5. Flow curves for nonrigid suspension. 


Fic. 4. Flow curve for suspension having a yield value. 
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The simplest assumption to make is that: 
1= Ao(1 —k’S,), 


where S, is the shearing stress across the mth layer. 


Sn=(P dn)/2L, 
1 


On Oo} 1 —k'(P > On) 
1 


Oo} {1 — Kay! 
where K=k’P/2L. Then 


P 
S=-—- > — Kao)" 
2L 


—(1—Kd, 
21 Kas 


r | F 2 


21. Kay 
N —Kao)")? 
— 
OLF | Kay 
20 Ka,( n>+—n' ——n* ——n? — 
5 4 6 4 30 


5 1 13 1 4 2 
+ ——-n' ——n*+~—n*+ n)| etc. 
6 1¢ 2 3 5 


n(n—1) n(n—1)(n—2) 
R = Oo n Kd,+- (Ky)? etc. . 
? 13 


Now 


Whence to a first approximation we find 


WF 208 8a' 40° 802 200 
—+- —+— — - — etc 
6 5 48 8 240 0° 40 
where K=k’P/2L. 

This shows that with a suspension of nonrigid particles in a liquid, the flow will increase at a greater 
rate, both with increase in radius and with increase in pressure than a suspension of rigid particles. 
(See Fig. 5.) 

It will be seen that when R=0 or P->0 this equation reduces to the form where the particles are 
rigid. If we plot the (1’/7R*)/(PR/2L) curves as before, we can use the previous treatment so long as 
we define o as the slope at the origin. 

Now the law which we assumed for the decrease in thickness of the layers with increasing shearing 
stress, i.e., that the thickness of the mth layer is equal to 49 (the radius of the middle plug) decreased 
by & times the shearing stress on its inner surface, is true only so long as the actual decrease in 
thickness is small compared with the possible decrease in thickness. 
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Actually we should expect that as the shearing stress increases, the rate of decrease of thickness 
would decrease, there being a minimum value for the thickness. 

This would mean that as the pressure was increased the mobility would appear to increase, its rate 
of increase falling away with pressure until it became constant at some given pressure. 

This would correspond to the statement made by Reiner: ‘““The known facts about the flow of 
any material are : If the material is at rest, it possesses a certain mobility, say yo, the influence of which 
becomes apparent as soon as the material starts to flow.” “‘Now this mobility either remains constant 
during the flow, when we have a true plastic, or it increases through the flow.’’ ‘“‘There has not been 
observed a single case where the mobility decreases as the flow increases.” “Of this increase of the 
mobility we may further say that it does not increase infinitely, and cannot exceed a certain maximum 
value.” “It is, e.g. clear that the mobility will never exceed the mobility (or fluidity) of the dispersed 
medium.” ““To this can be added that the increase of mobility is more rapid at low pressures, and 
that the mobility increases less rapidly for higher pressures.” 


APPLICATION OF THE SUMMATION TREATMENT TO SCHOFIELD AND Scott BLAIR’s Data (1) 


The derived curve for ¢/R, for the Broadbalk Clay fraction (concentration 2.36 percent) has a 
slope of 9.3 and an intercept on the o axis of 0.328. We have seen that the slope is 1/4F0, while the 
intercept is 1/2F. This gives us values of F=1.52 and d=0.0176 cm. 

The suspension was prepared by forcing through a sieve of 100 meshes to the inch. A layer of this 
thickness, namely 0.007 inch, is near to the value which we should expect,* for the dimensions of the 
largest particles in this suspension. 

On the supposition that the friction between layers is due to the viscosity 7 of a film of water of 
thickness e’, we find that it would be accounted for by a film 0.00715 cm. in thickness. 

A similar treatment of the results for kaolin (concentration 37.2) gives us the following values. 


0=0.0310 cm., F=4.35 


and the thickness of the water film on the above assumption would be 0.00253 cm. 


Using these results to calculate the slopes of the (V/2R*)/(PR/2L) curves, and comparing these 
with the slopes actually obtained, we derive the data given in Table I. 


TABLE I. 


y FRACTION KAOLIN 


SYMBOL IN SCHOFIELD- | RADIUS OF _ —+— | SLopE FRom | omnis | SLOPE FROM 
Scott BLAIR PAPER CAPILLARY, R cM R 2FR GRAPH 2FR_ | CURVE 

e 0.0404 24.7 17.4 17.8 | 4.69 | 4.70 

A .0480 20.8 16.12 16.0 | 4.24 4.25 

a) .0593 16.9 14.85 3.79 3.63 

) 0730 13.7 13.79 | 154 | 3.42 3.5 

a .0756 13.25 13.65 13.8 3.37 

x .0933 10.70 12.81 | 13.1 3.08 3.15 

O 1151 8.69 12.15 2.85 2.75 


From Eq. (7) 
V PR{1f1 2 V sPR 1 1 
R 2L 4F0 2FR 
For the (V/2R*)/(PR/2L) curves for kaolin, we saw that the intercept on the PR/2L axis tends to 


‘s.So, from which we find that So= 3. 


'M. Reiner, J. Rheology 1, 1 (1929). 

* Since the diameter of the wire of the sieve is about the same as the width of the spaces, if no allowance is made for 
lustering or deformation of the particles in sieving, one might expect about this value for 4. It is not claimed that, in 
ll cases, @ is so simply related to particle size as this. The conclusions in this paragraph are therefore tentative. 
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A Theory of Large Elastic Deformation 


M. Mooney 
United States Rubber Company, Passaic, New Jersey 


(Received January 25, 1940) 


It is postulated that (A) the material is isotropic, (B) the volume change and hysteresis are 
negligible, and (C) the shear is proportional to the traction* in simple shear in a plane pre- 
viously deformed, if at all, only by uniform dilatation or contraction. It is deduced that the 
general strain-energy function, W, ser the form 


where the \,;’s are the principal stretches (1+ principal extension), G is the modulus of rigidity, 
and H is a new elastic constant not found in previous theories. The differences between the 


principal stresses are 
Calculated forces agree closely with experimental data on soft rubber from 400 percent 


elongation to 50 percent compression. 


INTRODUCTION 


HE fundamental problem in the theory of 

elasticity is to find the correct expression 
for the strain energy of a body subjected to a 
homogeneous strain. If the body is isotropic and 
the strains are small, it is known that the energy 
can be expressed in terms of the strains and two 
constants of the material, the compression 
modulus and the rigidity modulus. However, the 
deformations which rubber and similar substances 
undergo are much too large to be included in the 
classical theory of small strains, even when the 
theory is extended to the second and higher 
approximations. An entirely new approach is 
required for any adequate theory of the elasticity 
of rubber. 

Hencky' recently expressed the strain energy in 
terms of In (1+e,), instead of the principal 
strains, e;. The validity of the theory was thereby 

‘extended to much larger deformations, but this 
treatment of the problem is still incomplete in 
certain important respects, as will later be shown. 

When a sample of soft rubber is stretched by an 
imposed tension, neither the force-elongation nor 
the stress-elongation relationship agrees with 
Hooke's law. On the other hand, if the sample is 
sheared by a shearing stress, or traction, Hooke’s 


law is obeyed over a very wide range in defor-.- 


mation. In some unpublished measurements in a 


* Traction is used in this paper to signify shearing stress, 
or tangential force per unit area, just as tension is used to 
signify normal force per unit area. 

1H. Hencky, J. Rheology 2, 169 (1931), or Rub. Chem. 
Tech. 6, 217 (1933). 
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Joe flexometer? the shear was found pro- 
portional to traction up to 200 percent shear, at 
which point the cement bond failed between the 
sample and the supporting steel blocks. Another 
simplifying feature in the elasticity of rubber lies 
in the fact that deformations are normally pro- 
duced without any appreciable change in volume. 


‘The most exact data on this point are those by 


Holt and McPherson.* 

These two experimental facts constitute the 
basis for the present theory of elasticity. In Part I 
strict adherence to Hooke’s law in simple shear is 
assumed. In Part Il, Hooke’s law is assumed only 
as a first approximation. Constant volume, or 
isometric deformation, is assumed in both cases. 


Part I. THe LINEAR CASE, OR HOOKE’s LAW IN 
SIMPLE SHEAR 


It is postulated that the elastic material con- 
sidered, besides being homogeneous and free from 
hysteresis, has the following properties within the 
range of deformations to be considered : 

A. The material is isotropic. This signifies not 
only that the material is isotropic in the unde- 
formed state, but also that after a positive or 
negative stretch-squeeze it remains isotropic in 
the plane at right angles to the stretch. 

B. The deformations are isometric ; 
occur without change in volume. 

The traction in simple shear in any isotropic 
plane is proportional to the shear. 


R. S. Havenhill and W. B. MacBride, Ind. Eng. Chem 
Anal. Ed. 7, 60 (1935). 

*W. L. Holt and A. T. McPherson, J. Research Nat. 
Bur. Stand. 17, 657 (1936). 


that is, 
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This particular combination of properties may 


onveniently be referred to as “‘superelasticity.”’ C) ) » 
Because of the low modulus of rigidity required , 
postulate B, superelastics are always relatively 
soft. | 
In the analysis which follows we shall make use 

of the strain energy, or the mechanical work 

required in a reversible process to produce a i | 
particular state of strain. This function has been | 
shown to exist for reversible elastic deformations on 
carried out under either isothermal or adiabatic weo wey AB/AC* da) 
conditions.* The function is different for the two We + 
cases; but the difference is apparently not large, Fic. 1. 


at least for rubber, and has not yet been de- 


termined in detail by the experimentalist. In the principal extensions. The principal stretch, Xj, is 
present analysis, therefore, we shall ignore ques- the ratio of final to initial length in the direction 
tions as to whether experimental data were of the 7-strain axis. 


obtained under adiabatic or isothermal conditions The condition of constant volume requires 
or under poorly defined conditions intermediate 
= 1. (1) 
hetween the two. 
It will be convenient to express the strain in The X's are limited to positive values. A value 


A; <1 signifies a reverse stretch, or contraction. 


Derivation of the strain-energy function 


Consider a cylindrical element of volume in the superelastic material. In the unstrained state let 
the cylinder be of unit length and unit diameter (Fig. 1A). We shall let the elastic material be 
deformed, in two steps, so that in its final state it represents the most general deformation of which 
the material is capable. Each step is itself a possible real deformation in that it is isometric. 

The two steps are (a) Fig. 1B, a stretch-squeeze, with stretch \; and uniform squeeze 1/4/\1, and 
(b) Fig. 1C, a shear in the plane normal to the stretch, resulting in the final principal stretches \2, and 
\s, in this plane. W,, the work done per unit volume in the first step is some unknown function of \,, 
and we have 


(2) 


In order, in the second step, to produce the final stretches \2 and \3, the stretches produced with 
reference to the state B must be Aegy/Ai and A3\/A1, respectively. The shear is therefore® 


(3) 
Then according to postulate C, the work done per unit volume in this step is 
(4) 


vhere the proportionality factor, ¢, is an unknown function of \;. From Eqs. (2) and (4) we obtain 
‘he total work done, 


W=W(A1) + (A? +A37) P(A1), (S) 
where 
W(A1) = —2G(A1),  B(A1) = Ar (Aa). (6) 
W must satisfy the condition for zero strain, 
O=W(1)+26(1). (7) 


' A. E. H. Love, Mathematical Theory of Elasticity (Cambridge University Press, 1920), third edition, p. 92. 
* Reference 4, p. 69. 
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Equation (5) is a functional equation. That is, V and # are functions of unknown form; and it is 
their forms that we wish to determine. 

The postulate of isotropy requires that W be symmetric in the \;. The transformation \,;=1/Asd; 
permits a function of \, to be expressed as a function of products of the form \ ?A2%A3%. But such 
products or functions of such products can be symmetric only if p=q; that is, if the product is unity. 
We conclude that, except for a constant, ¥(A,) cannot in itself be symmetric. Therefore, corresponding 
to each term in V not a constant, there must be a complementary term in the product (As?+A3")(A)). 
Furthermore, the complementary term must be reducible to the form 


= (Az) + — 2C3, (8) 


where C; is a constant. One obvious solution is ®&,= C,, a constant. The relation of Eq. (1) permits one 
and only one additional solution, &,=C2,°. Hence 


(9) 


We now examine the possible existence of terms ®, in ® which are a self-symmetric and independent 
of v. If such a term exists, it must be reducible to the equivalent forms 


(Ao? = (AS +A) ®,(A2) 


= (A> (Az). (10) 
Equating the right members of (10) and applying (1), we find 
P,(A2) (As) + — (Az) = 0. (11) 


Since the \’s are subject to one general relation, Eq. (1), we may choose any two of the X’s as 
independent variables; and any general equation involving only two of the \’s must be an identity in 
these two. Hence in Eq. (11) we must have 

=O, (As) (Az) =0. (12) 
Equation (12.1) requires $,(A3)=C/d3*, (13) 

, is thus required to satisfy two mutually incompatible conditions ; and we conclude that no self- 
symmetric term (A2*+A3")®,(A1) can exist. 

If we choose C; in Eq. (9.2) to satisfy Eq. (7), we have 


W(Ag, Aa, As) = Ci(Ar? + +A3? — 3) + Co(1/ 1/d2? + 1/3? —3). (14) 


This equation gives the most general solution for W consistent with our three postulates. A more 
convenient form is obtained by the substitution 


Ci=(G+H)/4, C2=(G—H)/A4. (15) 


G 3 2s 1 
4 i=1 A; 4 i=1 


In this form G is the modulus of rigidity, as will be evident later. // is a new constant not en- 
countered in previous theories of elasticity. 

We seek to understand the significance of /7. Let us note, first, that corresponding to any deforma- 
tion characterized by the principal stretches Aj, Ae, A3, there exists an isometric reciprocal deformation 
with the principal stretches 


Then 


Azs*=1/As3. (17) 


W=- > (.-—) =- (a*-—) 1 
4 ( ) 4 
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\V* being the strain energy for the reciprocal deformation. If 70, it is a measure of the departure 
from the symmetry indicated by Eq. (18). If we let 


a=IH/G, (19) 
we may thus call @ the coefficient of asymmetry. 


It is sometimes useful to have W, given by Eq. (16), reduced to the form (8), originally considered. 
It is easily verified that 


G 1 1 i 1 1 G 1 H 1 
A? At 4 A? 4 Ai Ay 


where y, defined by Eq. (3) is the shear in the 2, 3 plane after a uniform stretch-squeeze with stretch \,. 
General stress relations 


Since the strain-energy is independent of the mean tension or hydrostatic pressure, it is not to be 
expected that the absolute stresses can be deduced from the strain-energy function. However, we can 
deduce the difference between any pair of principal stresses. Let ¢; be the tension on a surface normal 
to the i-strain axis. Then 

+ o2dd2/d2+ 03dd3/X3. (21) 
In this equation we may not treat the dd; as three independent variables, since they are subject to the 
relation, deduced from Eq. (1), 


(22) 
We may, however, set one of the dA\;=0, say 
dd\,=0, (23) 
and then 
ow ow 
dW = 02 + (24) 
AX» Ae As 
By using Eqs. (22) and (23) with (24), we find 
ow ow 
OX3 OX.» 
(25) 


G 1. 1 IT 1 1 


In the rubber industry stresses are frequently expressed as force per unit area in the initial, unde- 
formed state. If we represent these specific forces by T;, then ¢;=\,;7T; and 


It can easily be shown that Eq. (25) requires no change in form if the o,’s are interpreted, not as 
absolute stresses, but as impressed stresses superimposed on a hydrostatic pressure system. The like 
is true of Eq. (26) if the 7,’s are interpreted as impressed forces. 


Particular stress equations 
If the stretch-squeeze prior to shearing is omitted, \,;=1; and Eq. (20) reduces to 


W=Gy7?/2, (27) 
and the traction is 


7=0W/dy=Gy. (28) 
G is therefore the modulus of rigidity, as was stated above. 
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TABLE I. 


-6=E(1/A). 
F(A) =? —1/NN—2(A—1/A) = — F(L/A). 
P(A) = (A+1)(1—1/A*) 
= —(1/d*)P(1/d). 
Q(A) 1-1/4 = (A— 1) (1 = 
AP(A) = 
AQ(A) =A? +1/M—A—1/A=(1/A)Q(1/A). 


E | F P 
1.0 0 | O 0 0 0 0 
1.1 | 0.055) 0.002} 0.522 | 0.025) 0.5745| 0.027 
1.2 .084| 1.112 101 
1.3 | 420) .037| 1.253] .164| 1.629 
699) 078) 1.525] .254| 2.136 356 
1.5 | 1.028) .139| 1.759} .352| 2.639 528 
1.6 | 1.401; .219| 1.965 | 454] 3.144 
1.7 | 1.812) .320| 2.150} .558| 3.656 948 
1.8 | 2.200) .443| 2.320] .663| 4.176 | 1.193 
1.9 | 2.740) .585| 2.477| .768| 4.706 | 1.460 
2.0 | 3.250 750 | 2.625 | .875| 5.250 | 1.750 
2.2} 4.356} 1.142) 2.900| 1.087) 6.379 | 2.392 
24 | 5.567} 1.620} 3.154| 1.299) 7.570 | 3.117 
2.6 | 6.877] 2.181} 3.395 | 1.509} 8.828 | 3.923 
2.8 | 8.282} 2.827 | 3.627|1.718| 10.155 | 4.810 
3.0 | 9.778) 3.556) 3.852 | 1.926] 11.556 | 5.778 
4.0 | 18.562) 8.438) 4.922 | 2.953) 19.688 | 11.812 
5.0 | 29.440| 15.360 5.952 | 3.968| 29.760 | 19.840 
6.0 | 42.361 | 24.306 | 6.968 | 4.977| 41.806 | 29.861 
7.0 | 57.306 | 35.265 | 7.977 | 5.982) 55.837 | 41.878 
8.0 | 72.266 | 48.234 | 8.982 | 6.986| 71.859 | 55.891 
9.0 | 93.235! 63.210 9.986 | 7.989) 89.876 | 71.901 
89.910 


10.0 (114.210 80.190 | 10.989 | 8.991 | 109.890 
| | 


It is to be noted that in finite deformation the 
strain axes do not lie at 45° with the direction of 
shear. Hence the traction on a plane parallel to 
the shearing displacement, given by Eq. (28), is 
not the maximum traction, rt», which by the 
general theory of stress is (oz—o03)/2. Thus, by 
Eq. (25), 


Tm =T(A2+A3)/2. (29) 


Isometric simple stretch 


‘ We define an isometric simple stretch as a 
stretch combined with uniform contraction in the 
normal plane, such that the volume remains 
constant. Then 


Ae=A3=1/ (Ai)!. (30) 


Therefore, y=0; and, if we omit subscripts, 
Eq. (20) reduces to 


G 
W=—E(A)+— Fir), (31) 
4 4 
where 
1 1 
E(A) 
586 


1 
F(A) =? -2(a+-). 
If the deformation is produced by an imposed 


tension in the direction of stretch, the specific 
tensile force is 


G 
T= + Q2(A), (32) 
where 
P2(d) =(A+1)(1—1/A4), 
Q2(A) = (A—1)(1—1/A4), 
and the tension is 
G 


The functions P2, Qe, \P:and AQ? are tabulated 
in Table Il. and are shown graphically in 
Fig. 2. This figure shows that the function Pe is 
closely similar to experimental force-elongation 
curves of rubber from 0 up to 200 or 400 percent 
elongation (A=3 or 5). The Qe function gives an 
added term with which the slope in the straight 
portion of the curve can be adjusted. 

The close fit to experimental data that can be 
obtained with Eq. (32) is shown by the dashed 
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curves in Fig. 3. The data used are those pub- 
lished by R. H. Gerke,® together with similar, 
unpublished data on a tread, or high carbon- 
black, stock. These data were obtained by the 
equilibrium stress-strain technique developed by 
Gerke. They are probably less affected by 
hysteresis than any other stress-strain data on 
rubber that have so far been published. The data 
for the second elongation cycle only were used, 
and the two lengths at each stress were averaged, 
as indicated in Table II. In order to allow for the 
set, all stretch data were calculated to the basis 
\=1 for the mean measured length at zero 
tension. 

The dotted curves in Fig. 3 were obtained by 
applying Hencky’s formula.’ It is seen that these 
curves depart sooner from the experimental data 
than do the curves derived by the present 
theory. 

Equation (33) has been applied to the data 
published by Hencky' and used by him to test his 
own formula. The results are given in Table III. 
The agreement of Eq. (33) with the experimental 
data is nearly but not quite as close as that 
obtained with Hencky’s formula. 


Other applications 


The preceding equations can be applied 
wherever the state of strain is homogeneous or, if 
variable, is known as a function of position. For 
example, it is possible to calculate the energy of a 


TABLE II. 


TREAD 
STOCK 
2.5 | 
2.0 
= 
3 d 
15 7 
4 
z 
z 
al 
4 
/ 
/ 4 
Jo 
! 2 3 4 5 6 7 
STRETCH, A 


° EXPERIMENTAL 

THEORETICAL, MOONEY 
THEORETICAL , MOONEY 
THEORETICAL , HENCKY 


Fic. 3. 


cylindrical cord subjected to combined stretch 
and twist. On the other hand, more complex 
problems involving the general field equations 
governing stress-strain relationships cannot be 
solved until these general equations are developed 
for superelastic material. 


Load, g 


0 250 500 1000 1500 2000 2500 
Stretching Length, in. 1.02 1.48 2.30 4.75 6.55 6.95 7.10 
Retracting Length, in. 1.03 1.50 2.40 4.75 6.60 6.85 — 
Mean Length 1.02 1.49 2.35 4.75 6.58 6.90 7.10 
Stretch, A 1.00 1.46 2.30 4.66 6.45 6.77 6.96 
TREAD Stock 
Load, g 0 250 500 1000 1500 2000 2500 3000 
Stretching Length, in. 1.24 1.41 1.79 3.03 4.15 4.45 4.64 4.78 
Retracting Length, in. 1.33 1.60 2.08 3.56 4.36 4.65 4.73 — 
Mean Length 1.29 1.50 1.94 3.30 4.25 4.55 4.68 4.78 
Stretch, A 1.00 1.16 1.50 2.56 3.30 3.53 3.63 3.71 
do, initial cross section, approximately 0.100.125 inch = 2.53.2 mm. 
Initial length between bench marks, 1 inch. 
Curves in Fig. 3 given by: 
G(HENCKy) 
DYNES/cM? LB./IN.? a LB./IN2 
(sum stock—doT (g) = 138P(A)+61.70(\) 3.33 K 108 48.6 0.448 46.7 
stock—doT (g) = 271 P(A) + 60.60(A) 6.65 X 108 95.8 0.223 82.4 
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TABLE III. 


TENSION (LB./1N.?) 


| CALCULATED LATED* 
LNA | MEASURED | (HENCKyY) (Mooney) 
2.718 1.0 410.0 | 405 408.1 
2.226 | 270.8 | 275 275.5 
1.822 6 171.0 176 170.9 
1.492 4 100.7 | 101.8 96.9 
1.221 2 44.5 44.8 42.4 
1.000 0 0 | 0 0 
819 —.2 —37.3 | —368 —35.9 
670 —A —72.7 — 68.7 —69.4 
549 —.6 —103.7 | —98.5 — 103.7 
A49 —.8 —129.8 — 128.0 — 142.2 
368 —1.0 — 162.4 — 160.0 — 189.5 


* =31.98AP(A) +26.86AQ0(A) ; 
(Mooney); G =67 Ib./in.? (Hencky). 


=0.84; G=53.3 Ib./in? 


Discussion 

The foregoing theory has led to expressions 
involving two constants of the material. Various 
other authors, including Hencky, have suggested 
empirical formulas for the load-elongation curve 
of rubber which contain only one constant. 
However, it would be a mistake to infer that Eq. 
(32) represents merely a better approximation, 
obtained by including another term in _ the 
formula. 

If we assume that the postulates “. to C are 
necessary and sufficient to describe a superelastic 
material, then we may state the conclusion : 

Just as two constants, the modulus of rigidity and 
Poisson's ratio, are required to characterize the 
infinitesimal deformation of a hard, or moderately 
elastic material, so two constants, the modulus of 
rigidity and the coefficient of asymmetry, are 
required to characterize the moderate deformation of 
a soft, or superelastic material. 

That Hencky’s one-parameter formula fits 
experimental data so well is apparently a happy 
accident, depending in part upon the value of the 


coefficient of asymmetry of the sample used to 
test the formula. No matter what the asymmetry 
is, the exact representation of Hooke’s law in 
simple shear would require the addition of an 
infinite number of terms in Hencky’s present 
formula. 

It is frequently pointed out that in elongation 
under tension the cross-sectional area decreases 
from its initial value; and it is suggested that the 
elongation-tension curve should be linear, or 
nearly so, even though the elongation-force curve 
is not. This is true. But even the elongation- 
tension curve departs appreciably from linearity, 
as has been emphasized by Shacklock.’ Equation 
(33) shows that this is to be expected. 

Various molecular explanations have been 
offered’ for the shape of the force-elongation 
curve of rubber up to 100 or 200 percent elonga- 
tion. These explanations depend upon certain 
assumed molecular structures and mechanisms of 
elasticity which are supposed to be different in 
rubber from what they are in harder and less 
superelastic materials. The present theoretical 
analysis shows that these theories really explain 
the mere fact that rubber has a linear traction- 
shear curve. Since in this respect rubber is not at 
all peculiar, the shape of the elongation-force 
curve requires no molecular peculiarities of 
rubber for its explanation. 

There is no conflict between the present theory 
and the recent thermodynamic theories of the 
elasticity of rubber.® Rather, the two theories are 
supplementary. The thermodynamic theory offers 
an explanation for the existence of the modulus of 
rigidity and how it varies with temperature. The 
present theory, assuming the modulus, predicts 
how it will be manifested in different kinds of 
deformations. 


Part II. THe GENERAL OR NONLINEAR TRACTION-SHEAR RELATION 


When rubber or a similar superelastic material is strained in any manner to the point of rupture, 
there is observed a tightening or stiffening before rupture. That is, the derivative of the stress with 
respect to strain shows a marked and continuous increase. Hence, in order to extend our analysis to 
large deformations, we must assume that the traction-shear relation is linear only as a first approxi- 
mation and departs from linearity at sufficiently large shears. We therefore replace postulate C, 
Part I, with postulate D: 

7 C. W. Shacklock, Trans. Ind. Rub. Inst. 8, 568 (1933); 9, 94 (1933); also Rub. Chem. Tech. 6, 486 (1933). 


5 R. Houwink, Ind. Rub. J. 92, 455 (1936), a review article. 7 
*H. Mark, Oesterr. Chem. Zeitg. 40, 321 (1937); W. Kuhn, Kolloid Zeits. 76, 258 (1936). E. Guth, Kautschuk 13, 201 
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D. The traction in simple shear is an analytic function of the shear. 
Considering again the deformation shown in Figs. 1A, 1B, 1C, we must now write the strain-energy 
density in the form 


W= +E Ai"(A2— Az) *"*hon(Ar), 1, 1) =0. (34) 


Odd powers of (A2—A3) must be excluded in order to satisfy the condition of symmetry with respect 
to Ag and Ag. It is found that the condition of symmetry with respect to dy, \2 and \3 requires that, 
corresponding to each term (Ag—)3)?", 7 >1, there must be also additional terms of lower degree, 
(Ag—A3)?", m=1, 2, ---,n—1. The necessity for these additional terms and the way they fit into the 
solution will be illustrated in the case n= 2. Let 


Wo=Wald1) Az) (35) 
which, by Eq. (1), may be written 


W=Wit +37) [ — 4640+ (36) 


By the same argument as that given in connection with Eq. (5), we must now have 
(37) 


With these powers of \; as the only admissible terms in $49, the symmetry condition requires, again 
by the same argument, that 


—4640+¢42=0. (38) 


The solution is then completed by setting 


1 2 
A(—+2.2-3) (39) 
di! A? 
and we have 
1 1 1 
Wen — + (40) 
Ai! 
As before, if we let 
/8, (41) 
Iq. (37) becomes 
G, 3 1 Hi, 3 1 
8 1 8 1 


The treatment for higher values of m proceeds in a like manner. Thus, for any positive, integral n 
we may expand 


and regroup the terms, as in Eq. (36), in the forms 
(2n)! 


p\(2n—p)! 


We set 


Gon, 0= Aandi" +Bon/dr". (44) 


Then we add to the solution, terms of the form 
Can, pdr"? (22-2? + (A andi" +Ban/di"), P=1, (n—1). 


By the proper choice of the Cen, », we cause all terms to cancel except the one for which p=0. Finally, 


(45) 
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by the suitable choice of Yen, we reduce We, to the form 


1 1 1 
—+ + -3) + +2?" — 3). (46) 


d,?*. Ao?” 
The complete solution for W may therefore be written 


3 x To, 3 1 
n=1 4n i=1 n=! 4n i=1 di" 
W is here written as an infinite series, but it may terminate at some finite n. 
As was done in Part I, the Eq. (47) can be converted to the form (34.1), in which the energy is 
divided into two portions, that due to the stretch-squeeze and that due to the shear in the plane 
normal to the stretch. In this case the transformation leads* to 


Go, 1 Hs, 1 1 
n=1 4n A," n=1 4n A," 


2q 


o Go, 1 TT», 1 | 
| 2m Qn | 


in which y is the shear, as defined by Eq. (3). 
If the deformation is a simple shear applied to a sample not previously deformed, 4,=1, and Eq. 
(48) reduces to the form 


24 


W=> - (49) 
a=1 2q(2q—1)! n= 
Stress equations 


The tensile force at stretch \ in isometric simple stretch is obtained from Eq. (48) by setting y =0 
and differentiating. Thus we find for the force per unit initial area, 


Gan 


1 1 1 1 1 1 
Pain) (14), Qen(A) = -). (51) 


* The proof, rests upon the identities, valid for all-positive, integral n, 


where 


2 


MP (2g)! 


To establish these identities, the following theorem is used: Let 


Jing) =o r'(q—r)! -(2r—1) 
Then for all positive, integral values of q, he equation 
J(n,q)= 


has the roots 
n=0, —1, —2---—(q-1); 


‘[n+(Q—-1)] 
= 1-3-5---(2q—1) 
The theorem can be proved by mathematical induction. 


and J is the product of the factors, 
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The tension, or force per unit actual area, is 


stretch less than unity. 


Gon Hop 
o=\T= —AQan. 
2 


These equations for T and o apply, of course, not only to elongation but also to compression, or 


(52) 


The traction as a function of shear in the plane normal to a stretch is, from Eq. (48), 


2q-1 


t(y,1)= 
2q—1)! 


The stresses in other situations can be obtained 
by applying Eq. (23) to the general expression for 
W, Eq. (48). 

If the H72,=0, it is easily shown, as in the 
linear case, that two deformations reciprocal to 
each other have the same energies. 

Some of the functions Pen, Qen, AP2n and AQen 
are shown in Fig. 2. The graphs show that for 
large values of m and \, we have approximately 
Pon =Qen. By referring to Eq. (51) we see that 
for \>3 and n=3, we have approximately 


en = A2" (55) 
and for \=3, n=3, 
— Pon (56) 


We consider the general problem of determining 
the Ge, and He, from appropriate experimental 
data. Owing to the limitations of current experi- 
mental techniques, there is only one practically 
feasible method. By Eq. (52) we form expressions 
. for the sum and the difference in the tension in 
pairs of simple isometric extension and contrac- 
tion reciprocal to each other. Thus we obtain 


o(d)+o(1/d) = HewrdQon(d), 
o(d) —o(1/A) = (57) 


If we have a set of experimentzi values of o 
extending both to large elongations and large 
compressions, we can obtain from Eq. (57) a set 
of linear algebraic equations for the Ge, and Hep. 
The number of terms required to obtain a 
satisfactory fit will doubtless vary from one set 
of data to another. If the Gz, obtained from Eq. 
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If the shear is applied to a sample not previously stretched, 


(q—1)?}. 


(54) 


(57.2) are substituted into Eq. (54), the resulting 
expression for 7 should agree with an experi- 
mental traction-shear curve. This check would 
constitute a simple but fairly complete test of the 
theory. 

Applications 

Unfortunately there are no published data that 
are sufficiently extensive and free from hysteresis 
to determine both the Ge, and H2, beyond the 
linear case. The curves and data published by 
Sheppard and Clapson™ apply to the first defor- 
mation of the samples. Their results are therefore 
considerably affected by hysteresis. Conse- 
quently, although their data can be satisfactorily 
represented by the Eqs. (57), any theoretical 
interpretation of the equations in this application 
would be of doubtful validity, since the theory 
does not include hysteresis. 

However, we can get a partial test of the 
suitability of our general equations for repre- 
senting departures from the linear case. To do so, 
we treat the complete force-elongation curves 
discussed in Part I. We cannot use Eqs. (57), 
since the compression data are lacking; and shall 
be able to determine only the sum of certain 
Gen+Hon, not their separate values. 

If we define a residue, R, as the difference 
between the experimental curve and the linear 
theoretical curve given by Eq. (32) in Part I, 
then it is found that R can be closely es 
by the equation 


R=Cx". (58) 


#” J. R. Sheppard and W. J. Clapson, J. Ind. Eng. Chem. 
24, 782 (1932). 
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For the two stocks considered, we have 


Stock c m 
Gum 9.1 25 
Tread 3.331077 17. 


The full lines in Fig. 3 are drawn in accordance 
with these values. We thus see that these 
particular experimental data are completely 
represented by an equation of the form 


H 
2 


G 


T= Path) (59) 


When A\=1, 7 reduces, not to zero, as it should, 
but to the value C. However, in the two cases 
cited, the error is extremely small. From the 
approximation (55) it follows that 


(60) 


where 2n=m-+1. 

The large values of m required in the examples 
given suggest that the term CX" does not have 
any simple theoretical interpretation, and the 
evaluation of the exponent m should be considered 
essentially as an empirical feature of the equa- 
tion. Also, it would be premature, if not incorrect, 


to conclude at present that a single term of the 
type CX” will suffice in all cases. 

It is possible from Eq. (53) to predict some 
interesting effects of stretch on the modulus of 
rigidity in the plane normal to the stretch, 
However, no data are available for testing the 
predictions. 

The theory of superelastic deformations would 
be made more useful if hysteresis effects were 
included ; but present knowledge of the laws of 
hysteresis in rubber is insufficient to indicate the 
appropriate modifications of the equations. 


GLOSSARY 
Ci, Co, C3=constants. 
G=modulus of rigidity in the linear case. 
H=modulus characterizing asymmetry of reciprocal de- 
formations. 
P.(d) 
Q2(A) = (A—1)(1—1/A?). 
=shear in a plane normal to the stretch in a previous 
isometric simple stretch. 
T =specific tensile force, or force per initial (unstrained) 
unit area. 
W =strain-energy density. 
a= H/G =coefficient of asymmetry. 
\; = principal stretch = 1+principal extension. 
7t=traction, or shearing stress 
o =tension. 


Breakdown Potentials of Gases Under Alternating Voltages 


G. W. Fox ano D. O. McCoy* 
Physics Laboratory, Iowa State College, Ames, Iowa 
(Received March 8, 1940) 


Starting potentials for hydrogen, nitrogen, helium, and argon of commercial purity at 
frequencies up to one million cycles per second were investigated using a discharge tube with 
spherical electrodes. Five gap distances were employed, ranging from 10 mm to 50 mm. The 
slope of the log pressure versus log distance curve was found to be independent of frequency and 


also of the gas for small gap distances. 


INTRODUCTION 


OMPARATIVELY few studies have been 
made of breakdown potential in gases under 
alternating voltages. Reukema! found that for 
6.25 cm diameter spheres in air with gap lengths 
ranging from 0.25 to 2.5 cm the sparking potential 
began to lower, below that at 60 cycles, when the 


* Now at the Naval Research Laboratory, Washington, 
D.C 


IL. E. Reukema, Trans. Am. Inst. Elect. Eng. 45, 38 
(1928). 
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frequency approached 20,000 cycles and that the 
lowering continued to frequencies as high as 
60,000 cycles, after which no further change 
occurred up to 425,000 cycles. Hutton, Mitra, 
and Ylostalo? made some studies on the value of 
starting potentials as a function of frequency but 
the most work in this field has been done by J. 
Thomson.* He compared the alternating and 


2? Hutton, Mitra, Ylostalo. Comptes rendus 176, 1871 
(1923): 178, 476 (1924). 

3 J. Thomson, Phil. Mag. 10, 280 (1930); 18, 696 (1934); 
23, 1 (1937). 
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static discharges up to as high as 108 cycles per 
second. He found that the peak value of V, 
followed a typical Paschen’s law curve. Beyond 
ihe minimum starting potentials, his curves are 
remarkably straight and follow the equation 
\,=A+Bp in which A was sensitive to gas 
purity and was a function of the frequency. 

The purpose of the present investigation was to 
study the starting potentials of nitrogen, hydro- 
ven, helium, and argon with varying pressures 
and gap distances for a number of frequencies up 
one million cycles per second. 


EXPERIMENTAL 
The apparatus 


A Pyrex vacuum system with a mercury 
diffusion pump backed by a Hyvac fore-pump 
provided exhaust facilities. A  five-liter flask 
stored enough gas to supply the system for all the 
runs at one frequency. 

Pressures below five millimeters of mercury 
were read on a McLeod gage while a small 
mercury manometer allowed measuring pressures 
to approximately ninety millimeters of mercury. 
The tube electrodes (Fig. 1) were aluminum 
spheres three-fourths inch in diameter and were 
connected to their respective mounts by one- 
eighth-inch rods surrounded by Pyrex sleeves to 
confine the discharge. One sphere was removable, 
thereby affording an easy method of varying the 
electrode spacing. ‘ 

The a.c. voltages were generated by two 
methods. In the first, standard frequency signals 
from the laboratory quartz frequency standard 
were amplified. The first stage in the amplifier 
filtered the signal sufficiently to produce a wave 
form essentially sinusoidal. Since successive 
stages were untuned, minimum circuit alterations 
were necessary in changing frequency. This 
scheme was used to generate the voltages of all 
frequencies up to and including one hundred 
thousand cycles. 

Because the one megacycle output from the 
frequency standard was very small, the voltage 
at this frequency was generated with a local 
oscillator tuned to synchronism with the standard. 
\ WE211E vacuum tube in a standard-tuned- 
plate-tuned-grid circuit was used for this 
purpose. 
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Tungsten 


Aluminum Rod 


Aluminum Spheres 
= \n Diometer 


Fic. 1. The discharge tube (cross section). 


To measure the high frequency potentials, the 
voltage was first rectified and then allowed to 
charge a condenser to its peak value. The 
potential difference across the condenser was 
then read with a high resistance direct-current 
voltmeter. Half-wave rectification was used on 
all frequencies up to one hundred thousand 
cycles. The meter under these conditions read the 
peak value of the voltage applied to the discharge 
tube. To avoid capacity effects to ground at one 
megacycle, full wave rectification was used. Here 
the meter read one-half the voltage applied to the 
tube. 


THE MetTHOD oF PROCEDURE 


After flushing the system several times with 
the desired gas; a sample was admitted at a 
pressure that would give a starting potential of 
the order of 1000 volts. The pressure was then 
reduced by small amounts and a voltage reading 
taken at each pressure. This procedure was 
continued until the pressure was so low that the 
1000 volts available was not sufficient to start the 
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Fic. 2. Data for hydrogen at 10° cycles/sec. 


discharge. The starting potential was obtained by 
slowly raising the voltage and observing the point 
of breakdown. A second sample was_ then 
admitted and the same procedure repeated. This 
was done for each of the five gap distances. 
Hydrogen, nitrogen, helium, and argon were 
investigated for each of four frequencies, one 
thousand, ten thousand, one hundred thousand, 
and one million cycles per second. 


RESULTS 


Typical data for hydrogen are shown in Fig. 2. 
Each curve shows the starting potential as a 
function of pressure for one gap distance and for 
one frequency. The gap distance was measured 
with a cathetometer and indicates the distance 
between the planes of horizontal tangency of 
each sphere. Figure 3 shows the variation of 
starting potential with frequency, one curve for 
each gas. The particular pressures were chosen so 
that the curves would lie relatively close to one 
another. In Fig. 4, the curves represent the 
logarithm of pressure as a function of the 
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logarithm of the gap distance for each gas and 
for each frequency. | 

For the higher pressures, the discharge was 
confined largely to a small area on each electrode 
directly between them. The usual regions of the 
glow discharge were present including the positive 
column, which, in some cases, was striated and 
in others not. As the pressure decreased, the 
positive column became smaller and finally dis- 
appeared altogether, while the cathode dark 
space and negative glow remained until the 
pressure was so low that the voltage available 
was not sufficient to support the discharge. In all 
cases, the critical pressure was such that the 
negative glow from one electrode was approxi- 
mately tangent to the negative glow from the 
other. 

It is interesting to note that the three stages of 
the discharge as pointed out by J. Thomson‘ 
were observed but only at one million cycles. 

The curves shown in Fig. 2 for hydrogen, as 
well as those for the other gases, show a pro- 
nounced concave downward tendency. There is 
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io “approximately” straight line portion of any 
length. Thomson’s theory* indicates the following 
expression for the starting potential in the case of 
plane parallel electrodes : 


V,=Ax+B/x 


in which x is a number proportional to the mean 
free path of the electron. A better curve fit is 
had by multiplying by x~!, though such pro- 
cedure has no theoretical justification. The 
observations in Fig. 2 lie very close to the curve 
and since the points for each curve were obtained 
from two separate samples of gas, the agreement 
indicates that the effect of impurities observed by 
Thomson was not present. 

The curves of Fig. 3 appear to indicate a 
decrease in the starting potential as the frequency 
approaches a million cycles per second. Perhaps 
this is to be expected where the amplitude of 
electronic oscillation is such that the electron 
remains within the region; i.e., does not become 
absorbed by the electrodes. 

Plotting the logarithms of the pressures versus 
the logarithms of the gap distances for each gas 
at each of the four frequencies as shown in Fig. 4 
was suggested by Slepian.* On this basis, parallel 
lines are obtained provided the starting potential 
is a function of the product of the pressure and 
the electrode separation. For gap distances less 
than about 32 mm the curves rapidly approach 
parallel straight lines having the same slope. The 
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Fic. 3. Variation of starting potential with frequency. 


em and R. C. Mason, J. App. Phys. 8, 619-621 
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Vg = 700 Volts 
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Fic. 4. Logarithm of pressure versus logarithm of gap 
distance for each gas and each frequency. Curves 1, 2, 3, 4, 
nitrogen (10%, 104, 105, 10° cycles/sec.). Curves 5, 6, 7, 8, hy- 
drogen (10%, 104, 10°, 10® cycles/sec.). Curves 9, 10, 11, 12, 
helium (10%, 104, 105, 10° cycles/sec.). Curves 13, 14, 15, 16, 
Argon (10%, 104, 105, 10® cycles/sec.). 


trend for larger gap distances is definitely concave 
upward. If Paschen’s law holds for plane parallel 
electrodes, parallel lines of slope equal to —1 are 
to be expected. For a given pressure and electrode 
separation, the starting potential with direct- 
current voltage is smaller for spherical electrodes 
than for plane electrodes and this departure is 
appreciable when the separation approaches the 
diameter of the spheres. Thus, with spherical 
electrodes and a given pd, the starting potential 
should be smaller for large electrode separations 
than for small. For’constant starting voltage and 
given pd therefore, the discharge will start with 
larger electrode separation for spheres than for 
planes and the log p versus log d curves should be 
concave upward for large electrode distances. 
The concave upward property of the curves of 
Fig. 4 is, therefore, reasonable and suggests that 
as the gap distance becomes smaller the con- 
ditions of the discharge approach those of plane 
parallel electrodes. The curves all approach the 
same slope for small gap distances, thus sug- 
gesting that the same relations hold for all the 
gases at all the frequencies used in this in- 
vestigation. 
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The Conductivity of Insulating Oils Under Alternating Stress 


J. B. WaITeHEAD AND Bun Po KanG 
School of Engineering, The Johns Hopkins University, Baltimore, Maryland 


INTRODUCTION 


ALUES of the conductivity of liquids usually 

classified as good insulators extend over a 
wide range, say from 10-“ to 10-'§ mho.' This 
range may apply to a single liquid depending on 
the degree of purity. The lowest values pertain-to 
liquids of simple chemical structure such as 
octane, duodecane, etc., in which they are 
reached only by repeated distillation in closed 
systems. On removal to other vessels, contact 
with metals, or exposure to the air, the pure 
liquids absorb moisture and gases, and take up 
other impurities, exceedingly small quantities of 
which are sufficient to cause large changes in 
conductivity. 

The insulating oils of practice are far from 
simple in chemical structure; they are used in 
bulk, suffer contact with the walls of large 
vessels, and ultimately with conductors and other 
insulators. Thus, in spite of careful refining proc- 
esses in manufacture and protection in transpor- 
tation and final assembly as insulators, the range 
of conductivity in such oils is usually from say 
10-" to 10-'® mho. These oils are nevertheless 
excellent insulators, permitting only very low 
leakage and suffering very low dielectric loss 

The mechanism of this conductivity and the 
nature of the charge carriers have been the sub- 
jects of much discussion. The ions involved have 
been variously ascribed to electrolytic impurities, 
organic acid ions resulting from slight oxidation, 
to a continuous ionization process from cosmic 
rays or other external influence, and finally to 
electrolytic dissociation of the liquid itself.? Under 
suitable experiment it is obvious that at low 
continuous stresses the ions are relatively large 
and heavy. Under these conditions space charges 
accumulate at the electrodes causing counter- 
polarization,’ unequal stress distribution, and a 
slowly decaying value of current. Thus on the 


' P. Langevin, Comptes rendus 146, 1011 (1908). 

2 J. B. Whitehead, Trans. A. I. E. E. 50, 692 and 696 
(1931). 

3]. B. Whitehead and E. E. Minor, Physics 6, 380-388 
(1935). 
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first application of continuous stress and after the 
disappearance of the circuit transient, there is an 
initial maximum and slowly decaying current, 
suggesting the dielectric absorption or polariza- 
tion found in complex solid dielectrics. However, 
the phenomenon is obviously of different charac- 
ter because on discharge of the test cell, the 
reverse or absorption current is absent, or of 
negligible value compared with that of the 
charging current. 

The values of conductivity quoted above, refer 
to the long time relatively steady values of the 
charging current. The initial values may be many 
times greater in the purer oils. The initial or 
“short time’ and the final or “long time” 
conductivities approach the same value as the oil 
becomes less and less pure; in a particular case, 
the two values having been approximately the 
same at a conductivity of 10-" mho at 40°C. In 
another lighter, purer oil the ratio of initial to 
final current was 500 at 30°C.* The shape of the 
charging curve of relatively pure oils has been 
studied by one of the authors, using amplifying 
equipment and the electromagnetic oscillograph. 
It was found that in a number of cases the initial 
conduction current had a substantially constant 
value over intervals of from 0.001 to 1 second, 
thereafter falling slowly to final relatively steady 
values at 100 seconds or more. Of particular 
interest was the result that the initial or short 
time conductivity was of exactly the right value 
to account for the dielectric loss in the oil when 
measured at commercial frequencies and at the 
same value of alternating stress and temperature. 
This was found to be true over a number of 
different types of oil and indicates that in the 
lower range of alternating frequencies, the dielec- 
tric losses in such liquids are due entirely to 
electric conduction. 


PURPOSE OF PRESENT WORK 


The purpose of the present work was to extend 
the range of stress over which the initial con- 
ductivity could be observed and to study the 
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effect of moderate oxidation on conductivity, 
dielectric constant, and dielectric loss, all with 
particular reference to further information as to 
ihe nature of the charge carriers. 


THE OIL 


A single oil was studied. It is furnished by a 
well-known refiner for use in the impregnation of 
the paper insulation of high voltage underground 
cables. Its principal constants are as follows: 
Specific gravity... .23.2 degrees Baumé 
Flash point........ 279.4°C 
Dielectric strength . .30,000 volts (A. I. E. E. standard gap). 
\s received it was under an atmosphere of 
nitrogen and was never exposed to the air. 
Filtration through glass wool and silica gel, and 
degasification at 0.5 mm Hg and 80°C resulted in 
no improvement in the electrical properties of the 
original oil. 

As a convenient method for changing the 
conductivity, three degrees of oxidation were 
applied to as many separate samples of the oil. In 
two of these, the oil at 60°C was exposed to 
oxygen at 1 atmosphere pressure for 12 and 36 
hours, respectively, the sample being continu- 
ously shaken, and the amount of oxygen ab- 
sorbed being measured in each case. In a third 
sample the oxidation is carried very much further 
by (1), exposing the oil to one atmosphere of 
oxygen for 24 hours at 60°C, violently shaken at 
one-half-hour intervals, and (2), after discon- 
necting the oxygen supply, subjecting the oil to 
150°C for another 24 hours, in order. to obtain a 
relatively high degree of conductivity. 


MEASURING EQUIPMENT 

Oil capacitor 

The capacitor for measurements on the oil was 
of cylindrical type. The inner high voltage 
electrode was 2.5 in. in diameter and 18 in. long. 
The outer low voltage cylinder had an inside 
diameter of 2.625 in. and a length of 12 in. A 
guard ring 3 in. long and of equal diameter was 
placed at each end of the low voltage electrode. A 
third thin metal cylinder surrounded the low 
voltage electrode which, in connection with the 
guard rings, served as a complete electrostatic 
shield for the low voltage or measuring electrode. 
The geometric capacitance of the measuring 
capacitor was 368 pyf. 
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The entire capacitor was supported from the 
cover of a vertical metal tank connected to the 
usual evacuation and oil systems, and which was 
filled with the oil to be measured. The heating 
and temperature control systems of the oil tank 
consisted of a heating coil submerged in an oil 
bath surrounding the tank containing the oil 
specimen and a mercury thermostat sensitive to 
0.1°C, which controlled the current in the heating 
coil. The temperature of the oil under test was 
read by thermometer and also by two thermo- 
couples placed at the depths of the oil corre- 
sponding to the upper and lower ends of the 
measuring electrode. 

The oil as received was filtered through silica 
gel and glass wool and was carefully freed of gas 
and moisture by admission of a thin layer into a 
heated chamber maintained at 80°C and a pres- 
sure of 0.5 mm Hg. The samples to be oxidized 
later were purified in the same manner before 
exposing them to oxygen as described above. The 
amount of oxygen absorbed was determined from 
the readings of a pressure gauge and a calibrated 
burette by conventional methods. 


Electrical measuring equipment 


Electric power was supplied by a 5-kva sine 
wave generator feeding a 2-kva step-up trans- 
former giving 6900 volts to ground on the high 
side. 

For continuous voltage and current two sources 
were utilized, the first a 1500-volt storage battery, 
and the second, a rectifier of full-wave type 
consisting of 2 RCA No. 878 high vacuum tubes. 
The filament of each tube was supplied by a 
6-volt battery insulated for 10,000 volts above 
ground. The tubes were rated for a maximum 
operating output of 7100 voltsand 5 milliamperes. 
For smoothing the rectified potential, 5 Pyranol 
capacitors of 1 uf each and rated at 6000 volts, 
were used in parallel. The rectifier was calibrated 
by direct comparison with the 1500-volt storage 
battery and also in the upper range of voltage by 
reading the current through a high resistance, 
limiting the output to a value well within the 
capacity of the tubes. The computed fluctuation 
of the continuous voltage at the maximum value 
of current 1.6X10-° ampere at 5000 volts on the 
specimen was 0.017 percent. This is negligible for 
the purposes of the experiment, and from the 
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Fic. 1. Schematic diagram of oscillograph amplifier. 


oscillographs presented here, it will be seen that 
there is no evidence of current pulsation. 

The Schering bridge employed, together with 
the air capacitor, was that used by Kouwenhoven, 
Berberich, and Bafios.t At 1000 volts on the 
bridge, a difference in power factor 1 10~° could 
be detected. 

The most important electrical measurement is 
that of the conductivity of the oil under continu- 
ous potential and over a period of time beginning 
as nearly as possible at the instant of applying 
continuous potential. For this purpose an electro- 
magnetic oscillograph was used. Without amplifi- 
cation the sensitivity as calibrated was 5 milli- 
ampere per mm of deflection. However, the 
current in the ‘oil sample at 6000 volts, the 
maximum’ continuous value, is far below this 


range and consequently amplifying methods must 


be used. The amplifier oscillograph for this type 
of measurement has been described by Waldorf.® 
Sensitivity and control have been improved in 
the present work and the diagram of the amplifier 
showing the parallel connection of two tubes in 
the last stages for carrying the relatively high 
value of current of the oscillograph is shown in 
Fig. 1. The range of input current was from 10~* 
to 10-° ampere. These values were amplified to 
5X10-* ampere per mm of scale of the oscillo- 

*W. B. Kouwenhoven and A. Banos, Jr., Trans. 


A. 1. E. E. 51, 202-213 (1932). 
5S. K. Waldorf, J. Frank. Inst. 213, 605-622 (1932). 
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graph. Intermediate values were possible by the 
adjustment of the input resistance, or the grid 
biases. An important element of the conductivity 
equipment is a rapid action switch® which closes a 
circuit shunting the geometric capacitance cur- 
rent so that only a fraction of its full value enters 
the amplifier system, and which then restores the 
full sensitivity of the amplifier. As perfected, the 
switch permitted reading of the reduced geo- 
metric Capacitance current during the first 0.001 
second, the full sensitivity of the amplifier being 
restored at the end of that interval. The initial 
transient disappears within the interval of a 
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Fic. 2. Oxidation curve. Oxidized at 60°C and under one 
atmosphere of oxygen. Total volume of cil—8.0 liters. 


millisecond. With this arrangement, it was there- 
fore possible to read the conductivity and the 
continuous potential over the interval between 
1/1000th second and several hundredths of a 
second. The values of the conduction current 
thereafter were picked up after about 15 seconds 
on a sensitive d’Arsonval galvanometer. 


EXPERIMENTAL RESULTS 
Dielectric constant 


Measurements of alternating-current loss, 
power factor, dielectric constant and of continu- 
ous Current conductivity were made on each of 
the four samples of oil already described and for 
each sample at four temperatures, 30°C, 60°C, 
80°C, and 100°C. At each temperature measure- 
ments were made at four different values of 
electric stress, namely, 20, 40, 60, and 80 volts 
per mil, corresponding to applied voltages of 
1250, 2500, 3750, and 5000 volts, respectively. 
The temperature in each test was controlled to an 
accuracy of from +0.2°C to +0.5°C. 


®S. K. Waldorf, Physics 3, 1 (1932). 
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lic. 3. Variation of dielectric constant as function of 
oxidation. Oxidation carried out at 60°C and one atmos- 
phere of oxygen. 


Figure 2 shows the rate of oxygen absorption 
of the pure oil when oxidized under one atmos- 
phere of oxygen and at 60°C. The amount of 
oxygen absorbed at this temperature is relatively 
small and the changes in viscosity are corre- 
spondingly small, the figures for pure oil being 
10.10 to 0.225 poises between 30°C and 100°C, 
corresponding figures for the oil oxidation at 12 
hours being 10.21 to0.226and for the oil oxidation 

t 36 hours, 10.7 to.0.227 poises. The difference 
was more pronounced in the highly deteriorated 
oil, being from 24.8 at 30°C to 0.248 poises at 
100°C, 

Figure 3 shows the changes in dielectric con- 
stant as function of the hours of oxidation at 
00°C under one atmosphere of oxygen. 
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Conduction and dielectric loss 


Typical short time conductivity curves taken 
with the amplifier oscillograph are shown in 
Figs. 4 and 5. They show clearly the geometric 
capacitance current passing off at reduced 
sensitivity at the beginning of the current wave. 
The quick-acting switch then increases the 
sensitivity and the current rises within one or 
two thousandths of a second to a constant value 
which is sustained from 1/100th to 1/10th of a 
second. Curves of this type were taken on every 
sample of oil. Later values of the conduction 
current were picked up after 15 seconds on a 
sensitive d’Arsonval galvanometer. 

Typical examples of the complete trace of the 
conduction current are shown in Figs. 6, 7 and 8 
for the pure oil at temperatures 30°C, 60°C, and 
80°C and Figs. 9, 10 and 11 for the oil oxidation 
for 36 hours and measured at temperatures 30°C, 
60°C, and 80°C. In these curves plotted with 
logarithmic abscissae, initial constant values are 
plainly evident with the subsequent more or less 
rapid decay and finally tapering off to approxi- 
mately constant values, giving the long time 
conductivity. 

In each of these cases the dielectric loss was 
measured with the Schering bridge as described 
above and the triangular points shown on the 
initial constant portion of the above conduction 
curves indicate the value of conductivity com- 
puted from the dielectric loss, assuming that the 
latter is entirely due to conductivity. It will be 
seen that the agreement is remarkably close, 
confirming the earlier work of one of the authors 
and indicating clearly that in oils of this charac- 
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er, the dielectric loss is practically entirely due 
» a conductivity? which is normally present, but 
which is greatly reduced by the sustained appli- 
cation of continuous potential. 

in Figs. 12, 13 and 14 there are shown the 
relation between the initial or short time constant 
conduction current and the applied stress, and 
also the relation between the initial conductivity 
and the applied stress. For each of the four oils 
and at temperatures 30, 60, and 80°C, the 
current stress relation is approximately linear 
throughout. The curves for current, if extended 
to lower values of voltage, for the most part pass 
closely through the zero point, indicating con- 
stant conductivity. However, the curves for 
80°C and, to a lesser extent, some of those at 
60°C, intersect the axis of voltage at a slight 
positive value thus indicating the lower value of 
conductivity at very low stresses. In the upper 
ranges of stress the conductivity tends to become 
constant. 


DISCUSSION 


Experiments on many grades of insulating oil 
have shown that invariably they have an initial 
conductivity which in the purer oils may be many 
limes greater than that of the final conductivity 
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1G. 12. Variation of conduction current and conductivity 
th stress. Temperature 30°C. Curves A and A’ for pure 
|; B and B’ for oil oxidized 12 hours; C and C’ for oil 
idized 36 hours; D and D’ for highly oxidized oil. 


OLUME 11, SEPTEMBER, 1940 


INITIAL 
Conduction CURRENT 


IN AMPERE 


a 


o 


Y, 


mHo/em > 


Initial 
Conovuctrvit 


40 66 80 100 
Stress per Miu 


Fic. 13. Variation of conduction current and conductivity 
with stress. Temperature 60°C. Curves A and A’ for pure 
oil; B and B’ for oil oxidized 12 hours; C and C’ for oil 
oxidized 36 hours: D and D’ for highly oxidized oil. 


measured after a long time under continuous 
potential. When the oil is badly deteriorated or 
otherwise impure, the difference between initial 
and final conductivities disappears. The initial 
conductivity of the pure oil is especially inter- 
esting because it returns gradually after having 
been reduced by the long time application of 
continuous potential. Various explanations of this 
conductivity have been offered such as residual 
electrolytic impurities, inherent dissociation of 
the oil itself, ionization by external radiation, etc.* 
There is, however, much evidence that the ionic 
content accounting for the initial conductivity is 
not completely withdrawn from the oil under 
continuous potential. Thus, for example, the 
potential gradient under continuous potential is 
not uniform but decreases in the center and 
increases towards the electrodes of the specimen, 
thus suggesting an accumulation near the elec- 
trodes of space charges.* On reversal of long time 
continuous potential the low value of the long 
time conductivity is sustained for only a few 
thousandths of a second, thereafter the current 
rising to a maximum of the order of magnitude of 
the initial conductivity, then again decreasing 
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Fic. 14. Variation of conduction current and conductivity 
with stress. Temperature 80°C. Curves A and A’ for pure 
oil; B and B’ for oil oxidized 12 hours; C and C’ for oil 
oxidized 36 hours. 


and only after a considerable time reaching the 


low long time value.’ 

Under alternating stress at commercial fre- 
quencies the ions originally present oscillate in 
the electric field and through some form of 
internal friction cause the normal dielectric loss 
in the liquid. That the loss is due principally to 
these ions is well shown by the experiments of 
Shevki,* who measured the loss at the various 
stages of decay of the current under continuous 
potential and of its recovery when the oil sample 
is allowed to stand under short circuit. Through- 
out these stages the dielectric loss was always 
quite accurately accounted for by the value of the 
conductivity. 

The suggestion from these and a number of 
other experiments is that the ions involved in the 
initial conductivity and dielectric loss consist of 
large molecular aggregates surrounding an ion of 
some type. Under a continuous field these 
aggregates pass to the electrodes where some of 
them may give up their charges, but others do 
not by reason of the surrounding cloud of neutral 

7 J. B. Whitehead, Trans. Electrochem. Soc. 65, 35 (1934). 


* J. B. Whitehead and S. H. Shevki, Trans. A. I. E. E. 54, 
603-609 (1935). 
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molecules. The latter, therefore, accumulate as 
space charges in the neighborhood of the 
electrode. On removal of potential they diffuse 
back through the body of the liquid and con- 
tribute to the restoration of the original value of 
the conductivity. The velocity of these ions 
has been found to be of the order of 10-4 
cm/sec./volt/cm, as based on measurements at 
relatively low values of continuous potential.® At 
50 volts per mil alternating stress this corre- 
sponds to a movement of about 0.3 X 10~* cm for 
an ion during one-half of the 60-cycle wave. Thus 
under alternating stress the ions make no ap- 
preciable movement towards the electrodes, 
having no tendency to set up space charges, and 
the alternating dielectric loss is simply due to the 
oscillation of the ions back and forth against the 
internal friction of the liquid, thus constituting 
an ohmic or J?R loss. 

In the neutral condition the aggregates will 
have their largest size. Under low values of 
continuous stress, they will therefore have 
relatively low values of mobility. As the stress 
increases and the aggregates move more rapidly, 
they may be expected to lose some of their 
neutral molecules with corresponding increase in 
mobility and resulting conductivity. The tend- 
ency to lose neutral molecules will also be in- 
creased at higher temperatures. These conditions 
are exemplified in the curves of Figs. 13 and 14. 

With increasing stress there will be a tendency 
for the ions to shed their groups of neutral 
molecules, for more of them to reach the elec- 
trodes, and for the time duration of the initial 
constant value of current under continuous 
potential to become less. This tendency is readily 
seen in Fig. 7, where the horizontal initial portion 
of the curve tends to become shorter’ with 
increasing stress. With still further increase of 
stress we should expect that ultimately the curve 
would begin to decrease immediately on closing 
the circuit, in which case it might not be possible 
to indicate the correct relation between initial 
d.c. conduction current and alternating loss. 
Within the range of stress here investigated, that 
is, up to 80 volts per mil, there is no close ap- 
proach to these conditions, and from Figs. 12, 13 
and 14, it is seen that the initial conduction 


* J. B. Whitehead, Impregnated Paper Insulation (John 
Wiley & Sons., Inc., 1935), p. 62. 
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irrent is directly proportional to the stress and 
‘he conductivity is approximately constant. 
| urther, there is good agreement between the d.c. 
initial conduction current and that computed 
from the alternating loss on the assumption that 
ihe entire loss is ohmic in character. 


CONCLUSION 


(1) The initial or short time conductivity of a 


was also oxidized in several stages, and the 
conductivity measured in each stage. 

(2) Theratiosof initial short time, to final steady 
conductivity, were in the range from 3 to 5.5. 

(3) Over the range of stress studied, the initial 
short time current is proportional to the applied 
stress, indicating approximately constant con- 
ductivity, except at very low stresses. 

(4) The dielectric loss under 60-cycle alter- 
nating stress in all cases agreed closely with the 
loss computed as leakage loss due to the initial 
conductivity. 


: high grade insulating oil has been studied for 

. electric stresses up to 80 volts per mil and over 

. the range of temperature 20°C to 80°C. The oil 

ll 

of 

ir 

n been published previously. 

1- INTRODUCTION 

1s NTENNA arrays are ordinarily employed 

for directively radiating electromagnetic 

y energy for wave-lengths of magnitudes down to 

al a few meters. Near this lower limit, metallic re- 

C- flectors of reasonable dimensions become feasible. 

al \t still shorter wave-lengths, say below a meter, 

us hollow pipes and electromagnetic horns provide 

ly simple and convenient means for directing 

on radiation. 

th Radiating hollow pipes and horns are usually 

of at least several wave-lengths long and have one 

ve end open. Waves are excited near the closed end, 

ng ‘hey propagate along the pipe or horn surfaces, 

le ind finally they emerge from the open end as 

ial !ree radio waves. The properties of such waves in 

SS. iollow pipes and horns have been discussed in 

at | number of previous papers.'~* The purpose of 

P- ‘J. R. Carson, S. P. Mead and S. A. Schelkunoff, 

13 ‘lyper-frequency wave guides—mathematica: theory,” 

i ll Sys. Tech. J. 15, 310-333 (1936). ; 
*W. L. Barrow, ‘“‘Transmission of electromagnetic 

ne ives in hollow tubes of metal,” Proc. I. R. E. 24, 1298- 


28 (1936). 
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Calculation of the Radiation Properties of Hollow Pipes and Horns 


L. J. Cau 
Massachusetts Institute of Technology, Cambridge, Massachusetts 


(Received March 18, 1940) 


The radiation properties of hollow pipes and horns are analyzed. The vector Kirchhoff 
formula is employed. The radiation fields from the transverse electric wave in hollow pipes of 
circular and rectangular cross sections are derived. For the TE,,; wave in circular pipe and the 
TEo,; wave in the rectangular pipe, the directivities are analytically expressed in terms of beam 
angle and power gain. It is found that the two waves have substantially equal power gains on 
the basis of equal areas of openings. The formulae for the radiation fields of TEo,; and TE,,o 
waves in a sectoral horn are given, of which, curves illustrating the radiation properties have 


the present paper is to discuss further theory 
of the radiation from the open ends. 

For problems of this type, the usual procedure 
is as follows. First, we choose a closed surface 
with the opening as a part of it, and assume 
values of the field on this surface. For the 
opening these values may either be assumed to 
be such as would exist at the section, were the 
pipe or horn of infinite extent, or the resultant 
composed of the outcoming wave and the wave 
reflected back into the system from the opening. 
Over the remainder of the surface, the field is 
assumed to be zero. Then the radiation field in 
the free space is calculated from the assumed 
values of field at the opening. 

The method frequently used is the application 
of Huygen’s principle or Kirchhoff’s formula, 
which is discussed in most standard textbooks on 
optics. It expresses the scalar wave function at a 

3L. J. Chu and W. L. Barrow, ‘Electromagnetic waves 


in hollow metal tubes of rectangular cross section,” Proc. 
I. R. E. 26, 1520-1555 (1938). 


*W. L. Barrow and L. J. Chu, ‘Theory of the electro- 
magnetic horn,”’ Proc. I. R. E. 27, 51-64 (1939), 
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point in free space in terms of the values of the 
wave function and its normal derivative on the 
surface. The scalar wave function on the closed 
surface must be continuous and have continuous 
derivatives. Extending this to vector wave func- 
tions, we take advantage of the fact that the 
rectangular components of a vector field or 
vector potential function are scalar wave func- 
tions. The correctness of this procedure can be 
verified by applying the formula to a known 
electromagnetic field of potential in a homo- 
geneous medium. However, difficulty appears 
when the values on the surface of integration 
are not exactly known but are assumed, par- 
ticularly if the assumed values are discontinuous. 
In this case, the applications of the Kirchhoff 
formula to the components of the electric and 
magnetic field vectors lead to a nontransverse 
radiation field which is physically impossible. 
By using the vector potential or Hertzian vector, 
this trouble can be eliminated, but the question 
of uniqueness arises since a given field on the 
surface of integration can be represented by a 
number of different vector potentials. 

The failure of Kirchhoff’s formula to give 
consistent or physically realizable results for the 
problem is the natural consequence of the mis- 
representation of the field on the boundary 
surface, and is not the fault of the formula itself. 
We must recognize the fact that the assumed 
field is not continuous across the boundary of 
the opening, and such fields do not satisfy 
Maxwell's relations at the boundary. If we apply 
the Kirchhoff formula to the field vectors rather 
than the potentials, the calculated field cannot 
be expected to satisfy Maxwell’s relations and 
possess the properties of a transverse wave. 

The Kirchhoff formula for vector fields can be 
directly derived by means of the vector equiva- 
lent of Green’s theorem.® For a source-free and 
homogeneous region, the vector Kirchhoff for- 
mula is exactly the same as the scalar one pro- 
vided the vector wave function and its normal 
derivative on the surface are continuous. How- 
ever, in order to apply the formula to diffraction 
problems, charges have to be introduced to take 
care of the discontinuity such that the assumed 
field satisfies Maxwell’s equation. 


5 J. A. Stratton and L. J. Chu, “Diffraction theory of 
electromagnetic waves,” Phys. Rev. 56, 92-112 (1939). 
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The modified Kirchhoff formula for fields 


varying with time as e**‘, is as follows: 
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VWE-ds 


where y=e-‘“'/r, 


r=([(x’ 


and n=normal to the surface, directed out of 
the region occupied by the observer. The surface 
integral is taken over the opening, if the rest of 
the surface is assumed to have zero field. The 
line integrals are taken along the contour across 
which the field is discontinuous. The positive 
direction of ds is determined by the right-hand 
rule with the thumb in the direction of n. The 
fields E’ and H’ satisfy the Maxwell relations. 

The accuracy of the modified Kirchhoff for- 
mula depends entirely upon how closely the 
assumed field approximates the actual field on 
the surface of integration. If the opening is 
large compared to the wave-length, the assumed 
value is a close approximation of the actual 
value, as shown in a number of experiments. 
Calculations have been made for the diffraction 
by a slit. The results checked closely with the 
exact solution even for a 
opening. 

Another method, the equivalence theorem of 
electromagnetics, has been discussed by Schel- 
kunoff and applied to calculate the radiation 
from the coaxial lines* and rectangular tubes.’ 
The fields on the surface of integration are re- 
placed by the equivalent electric and magnetic 
currents, from which the radiation fields are 
calculated. This method gives results identical 
with the modified Kirchhoff formula. 

®S. A. Schelkunoff, “Some equivalence theorems of 
electromagnetics and their application to radiation prob- 
lems,” Bell Sys. Tech. J. 15, 92-112 (1936). 


7S. A. Schelkunoff, ‘‘On diffraction and radiation of 
electromagnetic waves,”’ Phys. Rev. 56, 308-316 (1939). 
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RADIATION FROM CIRCULAR HOLLOW PIPES 


The field of the TE,» wave (Him 
cross section of radius a is as follows: 


wave) inside an infinitely conducting hollow pipe of circular 


H,=ky? cos E.=0, 
H, = —(B/wp)Eg= —iBkm cos (Rmp)e~***, (2) 
Hy = (B/wp)E, = (ipl/p) sin lp Ji(Rmp)e~**, 


where = (k? —6?)!, is the mth root of J;'(x), 8 is the phase constant, k=w(ye)!, (2, p, is the 
cylindrical coordinate system, and uw and e are permeability and dielectric constant, respectively. 
The rationalized m.k.s. system of units is used. All the expressions have a e‘*' variation with time. 
To calculate the radiation from the open end, we assume that the field at the opening is such as 
would exist there, were the pipe infinitely extended. Both the distortion and reflection at the opening 
will be neglected. Set the opening of the pipe at z=0 as shown in Fig. 1. For r>p and r>1/k 


Vy iniky, 
E Xds= —i.E,ad¢, 


r=—R—p sin 6 cos (¢—¢), 
H-ds= —I/,ad¢, 


ds i,ad¢, 


where iis a unit vector, the direction of which is indicated by the subscript. For the surface integral, 
it is best to resolve the electric field into Cartesian components. 


sin sin (1+1)¢ Je~*?, 
Ey = cos (L—1)6— Ji41(Rmp) cos (1+1)¢ 


By substituting the appropriate terms into (1), we have, 


e~ ikR 


R 


to evaluate the integral, we utilize the Bessel-Fourier series 


eixe cos (¢—f) =Ji(xp)+> 2i"J cos n(o—§) 


n=l 


and the Lommel integral 


a 1 
J n(Rmp)J n(xp) pdp= n—1 J n(xa) — KaJ n(Rma) |, 
0 


— Rm 


where sin 6. 
After simplification and resolution into spherical components, we have 
E,’=0, 


low B Ji(ka sin @) 
2R sin 0 


(4) 


kawp /8 Ji'(ka sin 9) 
E,’ 0) cos e~i*®, 
R \k 1—(k sin 0/Rm)? 
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Fic. 1. Coordinate system for calculating the radiation from 
a circular hollow pipe. 


The 7F,,; or J1),; wave corresponding to the 
first zero of J;/(x) has the lowest cut-off fre- 
quency and has low attenuation. As given by (2) 
for /=1, the wave is polarized in the y direction. 
Its radiation field can be obtained by putting 
/=1 in the above expressions. The radiation 
patterns in the ZX and YZ planes for 2a/A=3, 1, 
3 and 9/4 are plotted in Fig. 2. The open end of 
the circular pipe points toward the top of the 
paper. Only halves of the patterns are shown, 
the other halves being the mirror images. The 
cut-off wave-length of the wave inside the pipe 
is incidentally equal to \;=2a/.585. As the ratio 
of the diameter of the pipe to the wave-length is 
increased, the beam becomes sharper and the 
side lobes appear. 

The sharpness of the beam can be described 
by the beam angle,* which may be defined as 
the angle measured from zero to zero including 
the main beam. This definition is particularly 
convenient for the present case. Thus in the YZ 
plane ¢=90°, Ey’ is zero when ka sin 6=3.83 
and the beam angle in the YZ plane, 


20=2 sin (3.83\/27a). 


Similarly, in the XZ plane, E;’=0 when ka sin @ 
=5.33 and the corresponding beam angle is 
20=2 (5.334/2ra). These apply only for 
20<7a radians. The beam is sharper in the YZ 
plane than in the XZ plane. 

Another function which has practical signifi- 
cance, is the relative power gain. It is defined 


8 W. L. Barrow and F. M. Greene, “Rectang4lar hollow 
pipe radiator,”’ Proc. I. R. E. 26, 1498-1519 (1938). 
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here as the ratio of the power radiated from a 
dipole to that radiated from the pipe to produc« 
in each case, the same power per unit area at a 
fixed remote point on the Z axis. If the maximum 
power per unit area at a distance R from the 
dipole is unity, the total power radiated from 
the dipole will be $7R?, the result of the integra- 
tion of sin? 6 over a sphere of radius R. The 
maximum power density radiated from the 
hollow pipe at the same distance is equal to the 
Poynting vector at (x=0, y=0, z=R), 


1 wp? B\? 
- (kay*( 1+ [Ji(kia) ]?. (5) 
32\u R? k 


Fic. 2. The -adiation patterns of TE,,; wave from a 
circular hollow pipe. The solid curves are patterns in YZ 
plane and dotted curves are patterns in XZ plane. 
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We could integrate the Poynting vector, calcu- 
‘ited from (4) over the sphere of radius R to 
obtain the total power radiated from the open 
end of the hollow pipe, but such procedure would 
involve tedious if not impossible computations 
and would not give more information than the 
one outlined below. 

The exactness of the result calculated from the 
modified Kirchhoff formula increases as_ the 
ratios of the linear dimensions to the wave- 
length. In the neighborhood of the cut-off 
frequency, the power associated with the wave 
in the pipe is exceedingly small, and becomes 
zero in the limit on account of the vanishing of 
the transverse magnetic field. However, if such a 
wave did exist at the mouth of the pipe, the 
radiation field and therefore the power would not 
he zero and the result would be open to question. 
Qn the other hand, when the frequency is con- 
siderably above the critical value, the distortion 
of the field at the open end caused by scattering 
and reflection is negligible. Then, the total 
radiated power must be equal to that transmitted 
through the pipe. That the method used here 
does give the actual radiation field, is obvious 
since the assumed field on the surface of integra- 
tion approaches the exact one. 

The power transmitted through the tube asso- 
ciated with the 7, wave is the integral of 
the component of the Poynting vector along the 


RADIATION FROM RECTANGULAR HOLLOW PIPES 


The radiation from the open end of a rectangular hollow pipe is given below without much ado. 


axis over the cross section of the pipe. 
(kya)*—1 (Ria) (6) 


The power gain as compared to a dipole is 


(14° “/ 21) 
38 Ria) 


area of opening 
21.44 | (7) 


excluding the range of frequency at the neighbor- 
hood of cut-off value by setting 6 equal to k. 
Thus the power gain of a circular hollow pipe 
is a linear function of the ratio of the opening 
to the square of the wave-length. The power 
gain as compared to some other system is the 
ratio of (7) and the power gain of the system as 
compared to a dipole. This is for the case for 
which only the TE, wave is present in the 
hollow pipe. Were other types of waves present 
at the same time, not only the radiation pattern 
but also the power gain would be changed. 
Higher order waves tend to appear in a circular 
pipe when the frequency is increased. Their 
effect is generally to decrease the power gain. 
Southworth® has published some experimental 
results on a circular hollow pipe radiator. His 
power ratios are calculated on a different basis. 


lhe field of the TE, wave in a rectangular hollow pipe with four corners at (0, 0, 2), (@, 0, 2), 


here }}, 


(a, b, z) and (0, b, z) can be expressed as follows: 


H,= sin (xlr/a) cos (ymr/b)e—**, 


cos (xlr/a) sin (ymm/b)e~**, 


IT, = ki, m? cos (xlx/a) cos E,=0, 


and B=(weu—ki, m?)!. 


-t the opening of the pipe at z=0. The radiation field at great distances from the open end is as 


(4. C. Southworth and A. P. King, ‘Metal horns as directive receivers of ultra-short waves,”’ Proc. I. R. E. 27, 95-102 
939), 
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The lowest order wave in a rectangular hollow pipe is the TEo,; wave. It is polarized in the X 
direction. Its radiation field is as follows: 


wa 8 
E’ = — (*) — EG cos cos -+ cos sin ‘| 
e/ k k 


ra 
sin - sin 6cos ¢ cos {—sin@s 


in 
> 4 sin 6(a cos [+6 sin (10) 
2 


ra r\? 
— sin @cos ¢ ( -sin } — 
2 


An experimental and theoretical study has been made by Barrow and Greene® and discussed by 
Schelkunoff.? The above agrees with Schelkunoff's calculation and is slightly different from the 
calculation made by Barrow and Greene, using the scalar Kirchhoff formula applied to a Hertzian 
vector. The horizontal pattern (Fig. 9 of reference 8) from their calculation checks with the above 
(¢=7/2), but the vertical one differs roughly by a factor cos @ from the author's (¢=0), (Fig. 10 of 
reference 8). The solid dots in their Fig. 10B, calculated by applying the scalar Kirchhoff formula 
directly to the electric field, check numerically with the above result, but the field has wrong 
polarization. 

The beam angle in the XZ plane (¢=0) is 


sin O(a cos sin 1+ (9) 


2 sin! (A/a) 
and that in the YZ plane ({=7/2) is 
2 (3A/2b). 


With a rectangular hollow pipe radiator, the beam angles in the two planes can be controlled inde- 
pendently by adjusting the dimensions a and b. This is a definite advantage over the circular hollow 
pipe radiator, for which the beam angles are not independent, since there is only one dimension to 
be adjusted. 

The relative power gain of a rectangular hollow-pipe radiator with //o,,; wave, as compared to a 
dipole, can be proved to be 


nen, (11) 
2 


16abk BY area of opening 


The phase constant 8 being set equal to k to exclude the range of frequency in the neighborhood of 
cut-off value. 


On the basis of equal areas of openings the power gains of the circular hollow-pipe radiator and the 
rectangular one are substantially of equal magnitudes. 
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SECTORAL HORN RADIATOR 


If other types of waves than the 7Eo,, wave in a rectangular hollow-pipe or the 7E,,; wave in a 
circular one were absent, the hollow-pipe radiators would be an effective means of obtaining direc- 
\ivity and power gain. However, as the dimensions of the pipe increase, it is increasingly difficult to 
eliminate these other types of waves. The directivity will be out of control and the power gain will 
fall off from the expected value. This difficulty can be avoided by connecting the pipe to a flared 
horn whose relative dimensions are such that only the desired waves are allowed to propagate 
through it. This device has been called an electromagnetic horn. 

Sectoral horns have been treated previously.*'®" At this point we wlll give the calculations of the 
radiation field by means of the extension of the Kirchhoff formula. The sectoral horn is made with 
four conducting surfaces, forming a sector of a circular cylinder of finite depth a. The lowest order 
waves in this horn are the TE o,; and the 7; 9 waves whose field inside the horn are as follows, 


wave 


E,=cos (4o/0)K r/eo(kp), 


us 
H,= sin K (12) 
1wu poo 


H,= —ile ‘p)} cos (rd. rigo(Rp), 


TE 1,90 wave 


Es=sin 


H,= ——— sin (xx/a)Ko(kop), 
iw 


us 
H,=—— cos (rx/a)K,(Rop). 


The cylindrical coordinates (x, p, @) are used, the ¢=0 plane coinciding with the XZ plane. The 
horn is placed with the top and bottom surfaces at x =a and x=0, and the flared sides at ¢= +¢o/2. 
The constant k is equal to w(eu)! and 


ko = 
K indicates the Hankel function of the second kind. 

We are mainly interested in the details of the radiation in the YZ plane, in which the sides of the 
horn are flared. Thus, we take a horn of finite length p;, and assume the above fields to exist at the 


pen mouth. The distance from any point (p1, ¢) on the mouth of the horn to the remote point of 
observation (R, @,=+7/2 on the YZ plane is approximately equal to 


r=R—p, cos (¢—8). 


he asymptotic form of the Hankel functions can be used if p:> . 
For the TE», ; wave, the two contour integrals in (1) vanish because both H-dS and E Xds are zero 
' the tips of the flared sides, and at the tips of the parallel sides they are oddly symmetrical about 


L.. J. Chu and W. L. Barrow, ‘Electromagnetic horn design,”’ Elect. Eng. 58, 333-338 (1939). 
'W.L. Barrow and F. D. Lewis, “The sectoral electromagnetic horn,” Proc. I. R. E. 27, 41-50 (1939). 
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the point of observation. The radiation field at P(R, 6, §=+7/2) 


13a |“ 
16(10)R 


“i u3 


where F(x) is the Fresnel integral 


Plu) = f 


and 


U3 


160 Ord’ 160 Ord’ 


P Orr 80p; 


160 pido) Orr 160pi¢0} Orr 


This result is identical with the one given previously.‘ 
For the 7/;,9 wave, the radiation field in the YZ plane is found to be 


fk\! | us 
E,’ =— (-) ton 320p,) | F(u)' + F(u) | 
8(10)!rR\ 


where 


80 pi Orr 2 80 p, 2 


= 
160 p, Orr 160; 


Orr 2 160»; 


80 
uz = 
Orr 


SO pif do Orr | 
’ Ug = 


More approximately, 


E,’ =i-— 6)F(u)| . 
4(10)'rR | 


In calculating the radiation field from the sectoral horn, integrals of the following type occur. 


feos geike cos dg, (18) 


There seems no hope of finding the exact solution. The expansion of the exponential would give a 
slowly convergent series which is useless for numerical calculation. An approximate solution is 
obtained, however, by replacing the cos (@¢—4) in the exponent by 1—(10/9r?)(@—86)?. The factor 
cos ¢ is split into exponentials. By completing the square in the exponents, the result can be trans- 
formed into Fresnel’s integral. 


Fixt)=( ) fer Mee? (19) 


for which a numerical table is available. Since this approximation of cos (@—8) is good only for 
(¢—0) <x/2, the calculation is limited to values of || < (a — @o) /2. 

The curves illustrating the radiation properties of horns have been published previously without 
mathematical expressions or analytical discussion ;'° the above material supplies this lack. 
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Lubrication in Vacuum by Vaporized Thin Metallic Films 


Z. J. Attee, J. T. Witson Anp J. C. FILMER 


Vacuum Tube Engineering Department, General Electric X-Ray Corporation, Chicago, Illinois 


(Received April 15, 1940) 


Rotating anode x-ray tubes for medical roentgenography require bearing operation in high 


vacuum. A method of lubricating such bearings by vaporizing a thin film of low vapor pressure 
material, such as pure barium metal, onto them in the final vacuum is described. The results of 
tests with a great many different metals as the vaporizing films and combination films, as well 
as different base materials, are given. Experimental evidence is presented that indicates the 
lubricating film to be a liquid alloy of barium and metals such as cobalt, chromium, or 


aluminum. 


INTRODUCTION 


HE major problem in the design of a 
successful rotating anode x-ray tube for 
high power roentgenography is that of bearings. 
\When it is realized that the bearings in a tube 
of practical design must operate in high vacuum 
at elevated temperatures (estimated to be from 
200°C to as high as 600°C), and at high speeds 
of rotation, the difficulties of the problem are 
better visualized.! Obviously, because of the 
necessity for high vacuum, all forms of organic 
oils and greases or conventional methods of 
lubrication are eliminated. Inorganic forms of 
lubrication have been tried, and graphite has 
been used in sleeve bearings as described by 
Bouwers.? 

Present day rotating-anode tubes as first pro- 
duced in this country in 1936 by this company 
have had bearings of high speed tool steel which 
operate with complete absence of lubrication. 
llowever, one of the main disadvantages of 
these bearings, and one that has prompted the 
investigation to be described, is the high noise 
level produced. The noise level, in decibels, of 
these tubes ranges from 75 to 85 db, and in 
veneral the noise increases as the bearings wear. 

The following paper describes a method which 
has been developed for lubricating bearings in 
vacuum by a thin film of a vaporized metal. 
'his has made possible a tube which not only 
perates much more quietly but also one in 
vhich the bearing life is much longer. 


'M. J. Gross and Z. J. Atlee, ‘Progress in the design of 


oe anode tubes,”” Am. J. Roentgenology 41, 276-282 


1929) Bouwers, Fortschr. a. d. Geb. d. Réntgenstr. 40, 284 
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EARLY EXPERIMENTS 


In the first experiments obvious lubricants 
were tried such as Apiezon oil, grease, and other 
low vapor pressure oils used in diffusion pumps. 
All the results were negative in attempts to 
obtain satisfactory performance in an x-ray tube. 
However, it was rather surprising to find that 
a set of bearings would run for several hundred 
hours in high vacuum with excellent lubrication 
provided by a small amount of Apiezon grease 
placed in the bearing housing before assembly. 
But, every attempt to operate the device as an 
x-ray tube met with failure, because it was soon 
discovered that a thin film of the lubricant 
quickly migrated to the anode target face. 
These negative experiments all showed the 
desirability of having some material as a lubricant 
whose vapor pressure is extremely low even at 
elevated temperatures. It occurred to us to try 
getter materials such as barium, strontium, or 
magnesium, etc., vaporized directly onto the 
surface of the ball bearings in the final vacuum 
unit after the thorough exhaust schedule. The 
results obtained proved to be very interesting, 
as good lubrication was obtained almost instan- 
taneously after a barium film was evaporated 
onto the surface of the bearings in a production 
rotating anode tube. Figure 1 shows the method 
used in this first experiment. The hollow iron 
wire with a core of metallic barium* was 
assembled in such a manner that a current could 
be passed through it for heating to a temperature 
at which barium would vaporize. This wire was 
assembled with the flat sides through which the 


* We wish to thank Dr. Milo Wells of Kemet Labora- 
tories Company, Inc. for supplying us with the KIC wire of 
strontium and calcium, as well as the barium. 
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barium diffuses, directed at the bearing, with 
two loops, one for each bearing. It was expected 
that by rotating the bearings while evaporation 
was taking place, the whole surface of the balls 
would be covered with a thin film of barium. 
Microscopic examination of the balls before and 
after vaporizing proves the surfaces to be entirely 
coated as shown in Fig. 2. 

A brief description of the actual procedure 
used in the first experiment may be of interest. 
At the completion of the standard exhaust 
schedule for this type of tube, the bearing 


HGH SPEEDO TOOL STEEL GLARINGS 
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Fic. 1. Cross section of rotating anode vith barium wire in 
position for vaporizing. 


characteristics were measured by sound, speed, 
and coasting time. In air (normally this type of 
tube is Gil immersed, which reduces the noise 
level by 10-12 decibels) the sound was 87 db, 
speed, 3100 r.p.m.; coasting time, 12 seconds. 
These values are typical for this type of tube. 
Heating current was then applied to the getter 
wire while the anode was rotating, and within 
30 seconds time a radical change had taken 
place as indicated by a large reduction in noise 
level. The sound now measured 68 db; speed, 
3560 r.p.m.; and coasting time, 8 minutes. 
Many similar experiments were tried, to- 
gether with tests to determine the life of the 
film and possible limitations to its use. Outside 
of the effect of the film in decreasing the noise 
level, it has an important advantage because of 
the excellent getter action provided by the 
excess of barium that is deposited on the bearing 
housing. Without x-ray load, the film is perma- 
nent for hundreds of hours of rotation. At the 
elevated temperatures produced in the bearings 
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when used with x-ray loads, the life of the filn 
is reduced. While the temperature of the bearing 
has not been measured it is probably not highe: 
than 600°C. Even at this temperature the film 
will last for at least 50 to 100 hours of rotation. 
Since the average time of rotation per exposure 
is of the order of 5 seconds, this would correspond 
to between 36,000 and 72,000 exposures. 

The temperature limitation of the lubricating 
film has made it necessary to design the anode 
structure in such a manner as to keep the bear- 
ings as cool as possible. Figure 3 shows a picture 
of copper anode tube in which the bearings are 
housed inside the stationary supporting shaft 
made of copper. This structure is so designed 
that the lubrication could be renewed any time 
during the life of the tube. 


EXPERIMENTS WITH OTHER METALS AS 
THE LUBRICANT 


Since it seemed improbable that barium would 
be the only satisfactory metal for lubrication, 
similar tests were carried out with a large number 
of other metals which, on the basis of the 
published data on vapor pressure as a function 
of temperature, might be regarded as suitable. 
The following metals were tried: Zn, Mg, Sr, 
Ca, Ag, Al, Au, Cu, Fe, Ni, Co, Pt, and Cr. 
All of the experiments were carried out with the 
same type of bearing, the same material (high 
speed tungsten-cobalt steel—Circle C of Firth 
Sterling Company), and the same exhaust tech- 
nique in a simple tube constructed as shown in 


Fic. 2. Photomicrographs of tungsten-cobalt-chromium 
= ball. (a) Uncoated surface, (b) vaporized barium 
surface. 
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While some of these materials yielded results 
imilar to those obtained with barium, none gave 
iny better results, and a number of them 
‘ave poor results. 

A surface of vaporized chromium in vacuum is 
apparently a poor lubricant, but gives excellent 
lubrication in air. There is some indication that 
ihe actual lubricant in this case is a film of 
chromium hydroxide. This offers interesting 
possibilities as a lubricant for use in air. 


EXPERIMENTS WITH OTHER BASE METALS 


All of the experiments mentioned thus far 
were made with the same ball material as the 
hase for the vaporized film. In order to help in 
determining the true nature of the lubrication 
produced, we have made experiments substi- 
‘uting other ball materials available in place of 
the tool steel. 


| 1G. 3. Copper rotating anode tube with bearings lubricated 
by barium. 


Barium vaporized onto standard balls of 
S.A.E. 52-100 steel gave no lubrication and 
actually exhibited a tendency to make the 
hearing more sticky. Stainless steel balls of 18 
percent chromium coated with barium gave 
excellent lubrication, but on life test the film 
was much less permanent than in the base line 
experiments with tool steel. With Carboloy balls 
£ 75 percent cobalt, 25 percent tungsten 
arbide, no lubrication was obtained with a 
»arium film. Monel balls showed slight lubrica- 
‘ion, but failed rapidly because of distortion. 
(his experiment demonstrated the desirability of 
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Fic. 4. Bearing assembly used for experiments with 
different metals and combinations as vaporized lubricating 
films. 


using a hard base, since the film itself obviously 
possesses little mechanical strength. 


EXPERIMENTS WITH COMBINATION FILMS 


The negative results obtained with barium on 
standard steel balls offered a good base line for 
combination film experiments. A layer of cobalt 
vaporized on S.A.E. 52-100 steel provided no 
lubrication, but just as soon as a barium layer 
was added on top of the cobalt, lubrication took 
place. This experiment proves very clearly that 
at least one lubricating film is a combination of 
cobalt and barium. Of course, this requirement 
is amply met in case of the tool steel balls in 
which there is 9 percent cobalt. On life test this 
film did not hold up long—possibly because the 
cobalt did not alloy with the base. This experi- 
ment indicated that the Carboloy balls should 
have been lubricated by the barium film. The 
fact that lubrication was not obtained may be 
explained by assuming that it was impossible to 
cover the sharp crystals of tungsten carbide by 
the cobalt-barium layer. 

A layer of chromium, vaporized on S.A.E. 
52-100 steel showed no lubrication; but as 
barium was vaporized on top of the chromium 
excellent lubrication was obtained, even superior 
to that obtained with cobalt. In the case of the 
Circle C tool steel, 4.5 percent chromium is 
present so that we have the possibility of two 
separate combinations or mixtures as the lubri- 
cating films. 
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A combination layer of aluminum and barium 
on S.A.E. 52-100 steel balls gave excellent 
lubrication. In addition combination of layers of 
Mn, Kh, Zr, and Ba have been tried with some- 
what similar success. 

These combination layers prove experimentally 
that in high vacuum lubricating properties are 
displayed by mixtures of aluminum, chromium, 
or cobalt with barium. It is interesting to note 
that the metals which seem to make the ideal 
combination with barium are those having 
certain similar chemical properties. We have 
indication that barium combines with these 
various metals to produce an alloy which serves 
as the lubricant. Further studies will be needed 
to prove this. 


X-RAY DIFFRACTION STUDIES 


In order to obtain further information about 
the true nature of the lubricating film, x-ray 
diffraction patterns were obtained. These show 
the lines of barium clearly on the coated ball. 
The presence of these lines indicates that there 
must have been a sufficiently thick layer to 
form a lattice structure of pure barium. Even 
after the anode was rotated (without x-ray 
load) for 1000 hours, the diffraction pattern of 
the film exhibited barium lines very clearly. 

These diffraction patterns gave further proof 
that the barium has formed an alloy with one 
or more of the metals of the base, since there is 
no evidence of barium hydroxide lines. If the 
barium were not present in a combined state on 
the surface of the ball, oxidation should have 
taken place during the period of several days 
which elapsed between the time that the balls 
- were first exposed to the air and that at which 
the diffraction pictures were made. Also, we have 
observed that the balls can be put back in a 
vacuum after having been opened to the atmos- 
phere for several days and display part or all 
of the original lubricating properties. 

Probably the best method for studying the 
nature of these films would be that employing 
electron diffraction which as shown by L. H. 
Germer® is well adapted for the study of sur- 
face films. 


3L. H. Germer, “Electron diffraction studies of thin 
films,”’ Phys. Rev. 56, 58 (1939). 
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THEORY 


It is of interest to consider briefly a possible 
interpretation of the lubrication effects obtained 
with barium films. The explanation that seems 
most plausible is that the surface layer of the 
lubricating film is in a liquid state and is con- 
tinually flowing over the balls. A simple analogy 
is a Classic experiment we have all performed of 
dipping a copper penny in mercury. A very 
minute amount will cover the penny with a 
copper mercury amalgam which is very slippery 
to the touch. Work by F. P. Bowden and associ- 
ates would seem to substantiate this theory. 
They describe* a method of measuring surface 
temperatures and conclude that the temperature 
reached is that of the melting point of the softer 
metal. They also describe® formation of a fluid 
layer by surface flow below the melting point. 

Our experimental evidence seems to point 
strongly to such an explanation in that every 
ball examined after rotation has a uniform layer 
over its entire surface. We also know that a 
certain amount of rotation improves the lubrica- 
tion after vaporizing, indicating that this helps 
in providing a complete covering. 

One experiment that confirms this view is 
that in which the barium was evaporated with 
the bearing stationary. In this manner only a 
small percentage of the surface of the balls was 
covered and yet, on subsequent rotation, lubrica- 
tion rapidly improved until it was as good as on 
bearings rotated during vaporization. Needless 
to add, upon examination under the microscope 
the layer of barium alloy covered the entire 
surface. 

CONCLUSIONS 

A method of lubrication in high vacuum has 
been described, together with its successful appli- 
cation to a rotating anode x-ray tube. Experi- 
ments have been mentioned that indicate some- 
thing of the scope of this phenomenon, together 
with a possible theoretical explanation. 

It seems possible that application can be made 
__4F.P. Bowden and K. E. W. Ridler, “Physical properties 
of surfaces. I11. The surface temperature of sliding metals— 
the temperature of lubricated surfaces,’’ Proc. Roy. Soc. 
London A154, 640-656 (1939). 

°F. P. Bowden and T. P. Hughes, “Physical properties of 
surfaces. 1V. Polishing, surface flow and the formation of 


the Bielby law,” Proc. Roy. Soc. London A160, 575-589 
(1937). 
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ff the results described in this paper to other 
cases in which rotating devices have to be 
operated in vacuum. Furthermore, the results 
obtained with films of such metals as chromium, 
iluminum, magnesium and zinc in air, may also 


have a practical application to rotating devices 
where organic lubricants are undesirable. 


We wish to thank Dr. W. D. Coolidge for the 
suggestions and encouragement he has given us 
in this work. 
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The frequency spectrum of electronic oscillations in a large power triode having cylindrical 


plate and grid, and a filament consisting of four wires arranged at the corners of a square has 
been investigated. Experimental curves are displayed showing that two distinct primary 
frequencies may be generated at the same time, and that each of these may be replaced by two 
coupling frequencies, which also may be observed simultaneously, when the secondary circuit is 
near resonance with the primary clouds of electrons. The curves are interpreted in terms of a 
doubly resonant space-charge region, and in terms of coupled-circuit theory. Wave-lengths 


INTRODUCTION 


>» LECTRONIC oscillations of the Barkhausen 
and Kurz! type have been investigated 
theoretically in terms of a cloud of electrons 
vibrating with a frequency determined by the 
geometry and the potential gradients of the 
interelectrode region. The periodically varying 
space charge is treated analytically as a primary 
circuit, while the electrodes and all attached con- 
ductors constitute the secondary. Neglecting 
damping, space charge and retardation, and using 
a quasi-elastic restoring field as a simplifying 
approximation, Wundt? and Edler* have calcu- 
lated the wave-length characteristics of the 
coupled system as the secondary is varied in 
length. The several branches of the curves ob- 
tained* extend to infinity as they approach 
asymptotically the resonant wave-length curves 
of the secondary. The transition from one semi- 
infinite branch to another is determined with the 
aid of damping curves. For different excitation, 
oscillations may break off entirely as the second- 


* Presented in part at the Washington Meeting of the 
\merican Physical Society, April, 1940, under the title, 
“An extended wave-length spectrum of oscillations in a 
triode with positive grid.” 

'H. Barkhausen and K. Kurz, Physik. Zeits. 21, 1 (1920). 

* R. Wundt, Zeits. f. Hochfrequenztechnik 36, 133 (1930). 

°H. Edler, Archiv f. Elektrotechnik 26, 841 (1932). 
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extending from 50 to 250 cm have been recorded. 


ary approaches resonance with the primary, or 
drag-loops may appear. In the latter case oscil- 
lations represented by one branch or the other of 
the overlapping ranges are generated, depending 
upon whether the secondary is being lengthened 
or shortened. A more rigorous analysis, which 
includes corrections for damping and for space 
charge, has been made by Dick.‘ His wave- 
length and amplitude curves® are continuous as 
the secondary length is increased, and there are 
no branches extending to infinity. There are, 
however, Z-shaped regions near resonance with 
the secondary very much resembling coupled 
circuit effects in networks with lumped con- 
stants. The diagonal parts of the . different 
Z-regions correspond to ranges of unstable oscil- 
lation; they lie along the resonant wave-length 
curves of the secondary. The upper and lower 
branches of the successive Z’s give the wave- 
lengths of the coupling frequencies. Dick points 
out that it is not possible to predict from his 
theory where ‘a transition from one of these 
branches to another must take place. It is, there- 
fore, not out of the question that both coupling 
frequencies may be generated simultaneously over 

* M. Dick, El. Nachr. Tech. 13, 1 (1936) (Special number). 

5M. Dick, reference 4, p. 65, Fig. 91. 


8E. L. Chaffee, Thermionic Vacuum Tubes (McGraw- 
Hill, 1933), p. 378. 
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a greater or smaller range where the two branches 
overlap, instead of having one break off before 
the other sets in, or the two occur only successively 
in the form of a drag-loop. 

It must be emphasized in this connection that 
the several possible coupling frequencies are not 
to be regarded as parasitic oscillations, but rather 
as significant parts of the fundamental phe- 
nomenon. Many investigators of positive-grid 
tubes have discussed the often troublesome para- 
sitic oscillations.*~* Of these one may, perhaps, 
distinguish between two overlapping types. First, 
there may be oscillations due to parasitic reso- 
nances in a part of a multi-resonant primary 
region. An example of this type will be discussed 
below. Then there are parasitic oscillations which 
occur because of partial resonances in the 
secondary. An important example are the dwarf 
or micro-oscillations along a helical grid. These 
have been investigated recently by Miiller® who 
has shown that coupled circuit effects may be 
exhibited when resonance occurs between the 
helical grid and the remainder of the secondary 
circuit. 


ELECTRONIC OSCILLATIONS IN A POWER TRIODE 


Extensive studies of space-charge generators 
by many investigators have revealed that oscil- 
lations of the electronic positive-grid type are 
maintained most readily in tubes in which the 
electrode arrangement is rotationally symmet- 
rical, although they may be produced in tubes 
with plane electrodes if a backing plate” is 
provided. Oscillations in multi-grid tubes have 
also been reported." 

Electronic oscillations of great intensity have 
been discovered recently in a large power triode™ 
(type RK-38, 100 watts plate dissipation) over a 
wide range of positive grid voltages, and a 
narrower band of positive and negative plate 
potentials. A cross section of the triode used with 
dimensions is shown in Fig. 1. The grid is not 

7W. D. Herschberger, Proc. I. R. E. 24, 964 (1936). 

8 QO. Pfetscher and K. Miiller, Hoch:tech. u. Elek:akus. 
45, 1 (1935). 

J. Miiller, Ann. d. Physik 21, 611 (1935). 

1° B. J. Thompson and P. D. Zottu, Proc. I. R. E. 22, 
1374 (1934). 

1 F, Hamburger, Proc. I. R. E. 22, 79 (1934). 

12 First evidence of these oscillations was called to the 
writer’s attention by Professor Chaffee and his assistant, 


Dr. Sarbacher, who discovered them in conjunction with 
measurements on power tube characteristics, 
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helical, but consists of 24 parallel bars arranged 
in a circle. Because of the four widely separated 
filament wires, rotational symmetry does not 
obtain. However, a plausible model for explaining 
the observed oscillations is readily devised by 
subdividing the interelectrode region into two 
parts, each containing four similar sections as 
indicated by a and b in the figure. If equipotential 
surfaces around the filament and inside the plate 
are assumed to have the general shape shown by 
the dotted lines, one might expect primary 
oscillations of one frequency, f,, to be maintained 
in the four radial regions a, while primary oscil- 
lations at another, lower frequency, f,, might be 
maintained in the quasi-plane regions marked 6. 
The ratio of the distances between the assumed 
equipotential surfaces is 0.84, and this should be 
proportional roughly to the ratio of the primary 
wave-lengths generated in the two regions, pro- 
vided space charge conditions obtain which pro- 
vide virtual cathodes at these surfaces. Near 
resonance between the primary electronic fre- 
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Fic. 1. Cross section of RK-38 with dimensions in cm. 


quencies and the secondary (consisting of the 
electrodes and an attached parallel line) two 
coupling frequencies are possible for each of the 
primary frequencies, f, and f,. That is, in terms 
of wave-lengths, one might have Aa, and daz, Nos 
and \y;. The subscript, s, denotes the shorter, the 
subscript, /, the longer coupling wave-length in 
each of the regions a and b. Under certain con- 
ditions one might have 


18 The diameter, d, of the plate of the RK-38 is so large 
that the ratio 2rd/A=0.22 at a generated wave-length of 
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Fic. 2. Schematic diagram of measuring circuit. 


In determining the wave-lengths generated by 
the RK-38, the circuit shown schematically in 
lig. 2 was used. D is a symmetrical screen-grid 
voltmeter’ terminating one end of an auxiliary 
parallel line which is loosely coupled to the 
oscillating circuit. The movable bridge, B,, with 
an attached tandem bridge, 7,, constitutes the 
termination at the other end. Wave-lengths were 
. measured by locating resonance peaks as B, was 
moved. Whenever a doubt existed as to which 
peaks belonged to the same generated frequency, 
a minimum deflection method for separating 
complex frequencies was used. The electrodes of 
ihe tube under test are shown schematically with 
rid and plate terminals connected to the second- 
ary parallel line at P, and P;. The movable 
bridge, B,, with its attached tandem bridge, 7,, 
terminated the variable secondary. For some 
data the voltages were applied as shown in Fig. 2, 
ior others they were fed directly to the electrodes 
through chokes. In this latter case blocking 
ondensers were inserted at P; and P, and a 
‘hermal meter was used as a bridge in B, to 
determine the high frequency current. For one 
cm. LaPlace’s and Poisson's equations (assumed valid in 
e theoretical treatments of Dick and others) are good 
/proximations only if 2md/A<K1. A rigorous, but mathe- 
atically almost insurmountable analysis, should proceed 
m the general wave equation. The existence of primary 
vctronic frequencies may be assumed, nonetheless, even 
ough exact expressions for them are lacking. 


“a” King, Proc. I. R. E. 22, 771 (1934). 
“ R. King, Proc. I. R. E. 23, 929 (1935). 
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set of curves the point P, was connected to the 
filament instead of to the grid, while the latter 
was attached directly to the positive battery 
terminal through a choke coil. For each choice of 
voltages and for each setting of B, all generated 
wave-lengths were measured. The tandem bridges, 
T, and T,, were adjusted at all times so that the 
sections of line between B and T were well off 
resonance for all observed wave-lengths.'® 

. Asapreliminary test, and with biasing voltages 
applied directly to the electrodes through choke 
coils with no additional secondary circuit, the 
typical curve shown in Fig. 3 was obtained. Two 
sets of data are plotted against suitably adjusted 
abscissae. These are \/2 against E, with E,=0, 
and \/2 against E, with E,=70 volts. A single 
primary wave-length is generated, and this jumps 
from its higher to its lower coupling wave-length 
near E,=115 volts with E,=0, or at E, near —7 
volts with E,=70 volts. These correspond to 
conditions of resonance between the electronic 
primary and the secondary. It is to be noted that 
for higher fixed values of E, than 70 volts, the 
origin of E, must be moved to the right if 
measured half-wave-lengths are to fall on the 
curve. Thus, at E,=115 volts, the coordinate, 
FE, =0, must be moved seven units to the right, so 


Al 
13 


RK-38 


° E, WITH E, =JO V 
bE, were 


12 \ H | 


| 


| 
T 
| 
| 
! 
| 
| 


it 
| 
T 
| 
iN 
\o | | | 
i 
4 i | 
70 | Be 
| “WN, | 
6 
cM | | 


O 20:40 60'80 100 120 140: 160E, 
Vorrss6 +4 +2 O 2 4 6 8 40 -l2 E, 


Fic. 3. Typical oscillation range of RK-38. 


16See R. King, Proc. I. R. E. 23, 895 (1935) for a dis- 


cussion of tandem bridges. 
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that the discontinuity occurs at E,=0. For E, 
greater than 115 volts, the discontinuity must 
occur at positive values of E,. This explains the 
two frequencies observed successively by Dytrt!’ 
as he varied the positive plate voltage to be 
simply a part of the coupled circuit phenomena 
ofa singly resonant primary in a typical electronic 
oscillator. No unusual or isolated effect is in- 
volved. The discontinuity always occurs when 
the secondary (consisting of electrodes and 
attached conductors) comes into resonance with 
the electronic frequency determined by the elec- 
trode potentials. It may evidently occur for 
positive or negative plate voltages, depending 
upon the value of E, and upon the natural 
frequency of the secondary. 

Before determining the wave-length charac- 
teristics of the coupled circuits consisting of the 
primary space charge and the secondary (in- 
cluding a variable parallel line), the natural wave- 
lengths of the latter were measured for different 
lengths of line, i.e., for different bridge settings, 
B,, with the tube cold. This was done with the 
aid of a continuously variable oscillator'’ in the 
range from 100 to 1000 megacycles. The observed 
wave-lengths are plotted in Fig. 4. The estimated 
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Fic. 4. Resonant wave-lengths of secondary circuit with 


tube cold. Solid curves for circuit of Fig. 6; dotted curve 


for circuit of Fig. 7; dot-dashed curves are estimated 
asymptotes for a linear circuit. 


theoretical asymptotes for a completely linear 
circuit are also indicated. It is significant to note 
that the measured curves differ considerably 
from those calculated by Hollmann'® and by the 


7. F. Dytrt, Proc. 1. R. E. 23, 241 (1935). 

SR. King, Rev. Sci. Inst. 11, 270 (1940). 

'° H. E. Hollmann, Physik und Technik der Ultra-kurzen 
Wellen (Springer, 1936), Vol. 1, p. 124. 
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Fic. 5. Wave-length characteristics with secondary line 
attached to filament and plate. Dot-dash curves are 
estimated, not measured characteristics of secondary. 


writer” under the assumption that the circuit is 
equivalent toa lumped capacitance terminating a 
parallel line. It is to be expected, moreover, that 
the characteristics of Fig. 4 are only approxi- 
mately correct for the hot tube, due to the 
decrease in effective interelectrode capacitance, 
and hence of the natural wave-length, if an 
appreciable space charge is maintained between 
the electrodes of the tube.*! This will become 
apparent at a later point. 

With the variable part of the secondary at- 
tached to plate and filament, the wave-length 
characteristics of Fig. 5 were obtained. The 
generated half-wave-lengths are plotted against 
the length, x, of the secondary for two grid 
voltages with zero plate voltage. At E, = 50 volts 
two different wave-lengths (which obviously 
cannot be coupling wave-lengths) were generated 
successively in an entirely consistent way. A 
parasitic third wave-length was also noted over a 
very short range. It is interesting to note that at 
points midway between the asymptotes repre- 
senting secondary resonances, where the primary 
electronic frequency is least influenced by the 
secondary, the ratio of the two wave-lengths is 
0.84. This value agrees with that predicted for 
the case in which virtual cathodes are formed 
near the electrodes, as might be expected at low 


20 R. King, Proc. I. R. E. 20, 1368 (1932). 
* R. King, J. App. Phys. 10, 638 (1939). 
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accelerating voltages. If the simple model sug- 
zested above is adopted, the shorter of the 
observed wave-lengths in Fig. 5 is \,, the longer, 
\,. At the low excitation represented by £,=50 
volts, oscillations were maintained discontinu- 
ously. At £,=150 volts, on the other hand, they 
were generated for practically all values of x. The 
individual points, which appear scattered on 
first examination, are readily fitted along con- 
tinuous curves which correspond to those for the 
coupling wave-lengths of two separate modes of 
oscillation. It seems reasonable to suppose, there- 
fore, that each of the two primary wave-lengths, 
\, and »» (either of which may be considered 
parasitic with respect to the other) is broken up 
into two coupling wave-lengths, \,, and A,,; on the 
one hand, and \», and dy; on the other. Actually 
these four wave-lengths which are all possible 
near resonance with the secondary, appear to- 
gether over only short rangés. Usually one or the 
other appears alone. 

With the parallel line part of the secondary 
connected to plate and grid of the triode, the 
wave-length characteristics of Fig. 6 were ob- 
tained. This arrangement was found somewhat 
more favorable for oscillation. The curves for low 
grid voltages are seen to be quite comparable 
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Fic. 6. Wave-length characteristics with secondary line 
‘tached to plate and grid. Dotted curves are the measured 
lid curves of Fig. 4. 
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Fic. 7. Wave-length characteristics as in Fig. 6 but with 
voltages applied to plate and grid through choke coils. 

tted curves are obtained from measured dotted curve of 
Fig. 4 by half-wave-length shifts. 


with those of Wundt.? Only a single wave-length 
is excited; it is readily interpreted to be dy. At 
E,=120 volts, however, both \, and are 
generated simultaneously over a short range. 
Even at E,=80 volts \, is observed for a very 
short distance. At 175 volts, \. and \, are both 
generated for most values of x. The curves for the 
two wave-lengths have a peculiar, continuous 
form suggesting coupling wave-length curves, but 
yet differing from them in crossing and bending 
away from the experimentally determined wave- 
length curves of the secondary with cold tube 
(shown in dotted lines in Fig. 6). A mere crossing 
of these curves is not critical since, as has been 
pointed out, the wave-length curves of the 
secondary with a hot tube should fall slightly 
below those with the cold tube. On the other 
hand, the complete flattening in the upper ranges 
definitely indicates a second primary frequency 
rather than exclusively a coupled-circuit effect. 
One is tempted to conclude that for a short part 
of each curve near its point of crossing over the 
dotted line, the wave-lengths, and are 
both generated and that they coincide. The fact 
is, that Aq, and A; are both generated simultane- 
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Fic. 8. Wave-length characteristic as in Fig. 7. Dotted 
curves are fitted, not measured. 


ously, as in the range from x=40 to x=60, and 


that Ay, connects continuously with Ay. A 
parasitic third wave-length again appears at 
scattered points. 

For Fig. 7 operating conditions differed from 
those for Fig. 6 only in the method of supplying 
biasing voltages to the plate and grid as shown in 
the small circuit diagram. As a result, no really 
significant changes in the wave-length charac- 
teristics are observed. A very interesting obser- 
vation is, however, that at all but the lowest 
voltages the curves seem to be generated over 
ranges following very closely the experimentally 
measured dotted curve of the secondary alone. 
Very little flattening is observed. As before, \, is 
generated alone at the lower grid voltages 
although a trace of \, appears at E,=50 volts, 
where \, and occur successively. At £,=150 
volts, on the other hand, the two primary wave- 
lengths break up into coupling wave-lengths with 
Aa: Coinciding with over considerable distances 
along the dotted curves of the secondary alone. 


Except for a few points near the upper extremities 


of the cutves which suggest a bending downward, 
one might be tempted to consider the charac- 
teristics at 150 volts to represent a complete 
coupling wave-length curve of a single primary 
frequency. This is even more true of the curve 
taken at 175 volts which is shown separately in 
Fig. 8 with ideal resonance curves of the second- 
ary alone. In this figure these latter are fitted to 


the coupling wave-lengths, not measured. A 
comparison of Fig. 8 with Dick’s theoretical 
curves’ for the coupling wave-lengths of a single 
primary oscillation, shows a beautiful correspond- 
ence throughout. Only the fact that the upper 
branches of Fig. 8 extend so far upward that they 
completely overlap two other branches, suggests 
that they must be due, at least in part, to d,, 
which again coincides with dq. 


CONCLUSION 


One may conclude from this analysis of the 
wave-length characteristics of the RK-38 that 
two primary electronic frequencies may be 
generated simultaneously in an interelectrode 
space which is doubly resonant, and that either 
of these may be regarded as a parasitic primary 
frequency. One may state, further, that the two 
coupling frequencies of a single primary fre- 
quency may be generated simultaneously over 
widely overlapping ranges near resonance with 
the secondary, instead of breaking off or forming 
drag-loops. Finally, in the case of a doubly 
resonant primary space, two sets of coupling 
frequencies are simultaneously or successively 
possible as the secondary length is varied, and of 
these the lower coupling frequency of the higher 
mode may coincide with the higher coupling 
frequency of the lower mode over parts of their 
ranges. A multiple-frequency spectrum may, in 
general, be due to coupling frequencies of a single 
primary frequency, to two (or more) simultane- 
ous primary frequencies, or to multiple resonances 
in the secondary. Combinations of these in 
various ways are also possible. 

The present study has been limited to an 
analysis of wave-lengths, and no effort was made 
to intercompare amplitudes quantitatively. A 
complicated experimental technique is required 
for this, so that a separate investigation is 
suggested. Qualitatively, amplitudes were found 
to agree with Dick’s theory. 
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The Earth’s 
Magnetism 


The reason the earth 
behaves like a big mag- 
net still remains a puzzle 
in spite of all the attempts that have been made 
to subject it to theory. The problem is an im- 
portant one, not only for geophysics, but also for 
the foundations of physics, because our failure to 
account for the earth’s magnetism on the basis 
of the laws of electricity and magnetism, as we 
know them from laboratory experiments, might 
indicate the necessity of revising those funda- 
mental laws, in order to make them account for 
such large scale phenomena. 

A hopeful approach to the problem has been 
made by employing the thermoelectric effect as 
a source of the large electric current within the 
earth. The interior is almost surely a conductor 
of electricity, probably consisting largely of iron 
and nickel. Considering the enormous size and 
eventful history of the earth, it is also entirely 
conceivable that its temperature distribution 
should deviate from radial symmetry. There then 
arises the problem of explaining the great regu- 
larity of the earth’s magnetism; the overwhelm- 
ing preponderance of the apparent dipole near 
the center of the earth. It would also be desirable 
to explain the approximate parallelism of the 
magnetic axis and the axis of rotation of the 
earth. For these purposes Elsasser' has invoked 
the possibility of large and slow corivection cur- 
rents within the earth, such as are made plausible 
by the phenomenon of continental drift, for 
example. Such currents would be driven by 
thermal expansion and would be accompanied by 
an upward flow of heat. Unless guided by some 
special mechanism they would also cause a 
rather random angular distribution of tempera- 
‘ure and give rise to randomly oriented thermo- 


'W. Elsasser, Phys. Rev. 55, 489 (1939). 


Resumé of Recent Research—____ 


electric currents. Elsasser suggests that the 
Coriolis forces due to the rotation of the earth 
introduce a deviation from randomness in the 
convection currents within the earth in somewhat 
the same manner as the way in which they cause 
a prevailing direction of wind convection in the 
atmosphere. 

This explanation has been critically analyzed 
in a recent paper by Inglis and Teller.2 The 
essential new datum introduced in their con- 
siderations is the observed upward flow of heat 
through the crust of the earth. This places a 
limitation on the velocities and the temperature 
differences which can prevail within the convec- 
tion and thus also on the magnitude of the 
Coriolis forces and the earth’s magnetic moment. 
Their analysis shows that if the thermoelectric 
currents are responsible for the earth’s magne- 
tism, the Coriolis forces are not more than about 
one-millionth as large as they would need to be 
in order to guide the convection currents ap- 
preciably. 

A less serious objection to the suggestion of 
Elsasser concerns the mechanism by which the 
thermal distribution gives rise to thermoelectric 
currents. It is not considered plausible that the 
different parts of a convection current could 
consist of essentially different materials, in order 
that the warmer part, for example, could consti- 
tute a thermal junction. It has been shown by 
Inglis and Teller that there are ways of getting 
around this difficulty, such as the introduction of 
a pressure couple, for example. This slight im- 
provement in the theory has been taken into 
account, however, in estimating that the Coriolis 
force is much too small to be of any importance 
in accounting for the orderliness of the earth’s 
magnetism. 


2D. R. Inglis and E. Teller, Phys. Rev. 57, 1154 (1940). 
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Ronold King, p. 621, Vol. 10, No. 9, 1939. 


Here and There 


American Radium Society Awards Medal 


Mrs. Edith H. Quimby, Associate Physicist of Memorial 
Hospital for the Treatment of Cancer and Allied Diseases, 
New York, was presented with the Janeway Medal for 
distinguished service in radiological physics of the Ameri- 
can Radium Society at the twenty-fifth annual dinner of 
the society at the Waldorf-Astoria on June 6.—Sctence. 


* 


Panel to Study Radiological Treatment 


A panel of consultant physicists to consider means of 
improving radiological treatment has been formed in 
i-ngland under the sponsorship of the King Edward's 
Hospital Fund. Its personnel is as follows: Dr. H. T. Flint 
and colleagues, Physics Department, Westminster Hos- 
pital; Mr. L. G. Grimmett and colleagues, Physics Depart- 
ment, Radium Beam Therapy Research, Radium Institute; 
Professor F. L. Hopwood and colleagues, Physics Depart- 
ment, St. Bartholomew's Hospital; Dr. W. V. Mayneord 
and colleagues, Physics Department, Royal Cancer Hos- 
pital; Professor S. Russ and colleagues, Physics Depart- 
ment, Middlesex Hospital. The panel will serve many 
hospitals in which radium and x-ray treatment is used, 
but in which lack of funds prohibits the employing of a 
physicist on the staff. o 


* 


Conference on Science, Philosophy and Religion 


Papers by Drs. Edwin G. Conklin, Philipp Frank, 
Harold D. Lasswell, and Albert Einstein will be read at 
the Natural Sciences section of the Conference on Science, 
Philosophy and Religion in Their Relation to the Demo- 
cratic Way of Life, to be held at the Jewish Theological 
Seminary of America, New York City, on September 9, 
10 and 11. Other sessions of the Conference will be devoted 
to the social sciences, philosophy, and religion and the 
philosophy of education, according to the announcement 
of the founding members. 


* 
Necrology 


Professor A. E. H. Love, F.R.S., Sedleian Professor of 
Natural Philosophy in the University of Oxford, died on 
June 5, according to an announcement in Nature. 
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Cornell University Appointments 


Dr. Peter J. W. Debye, of the Kaiser Wilhelm Institute 
of Physics at Berlin-Dahlem, who has been George F. 
Baker visiting lecturer in chemistry at Cornell University 
during the past term, has received the appointment of 
Professor and Chairman of the Department of Chemistry 
at Cornell, Science notes. His son, Peter Paul Debye, will 
be associated with Professor Debye in research in the 
Baker Laboratory of Chemistry. Professor Jacob Papish, 
who has been Chairman of the department, will continue 
as Vice Chairman. 

Dr. Bruno Rossi, who has served as Professor of Physics 
at the University of Padua and research associate at the 
University of Chicago, has been appointed Associate 
Professor of Physics at Cornell University. 


* 
Promotions and New Appointments 


The Physics Department of the University of Minnesota 
announces that Dr. Alfred O. Nier has been promoted to 
the position of Associate Professor in that department. 

Professor S. R. Milner, F.R.S., will retire from the chair 
of physics at the University of Sheffield in September, 
Nature reports. 


* 


A recent issue of Science carries the announcement that 
at Union College, Schenectady, New York, the degree of 
Doctor of Science has-been conferred on Dr. Saul Dushman, 
Associate Director of the General Electric Research 
Laboratory, Schenectady, New York. 


* 


Calendar of Meetings 


September 

3-6 American Society of Mechanical Engineers, Spokane, Wash- 
ington 

9-13 American Chemical Society, Detroit, Michigan 


October 


3-5 Optical Society of America, Rochester, New York 

7-11 National Safety Council, Chicago, Illinois 
18-19 Society of Rheology, New York, New York 
21-25 American Society for Metals, Cleveland, Ohio 
21-26 American Welding Society, Cleveland, Ohio 
28-30 National Academy of Science, Philadelphia, Pennsylvania 
28-Nov. 2. Conference on Applied Nuclear Physics, Cambridge, 

Massachusetts 


November 


15-16 Acoustical Society of America, Chicago, Illinois 
22-23 American Physical Society, Chicago, Illinois 
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The Mechanism of Static Friction 


Amontons’ law! of friction expresses the tangential 
frictional force to be directly proportional to the load. The 
proportionality factor is called the coefficient of friction and 
is usually misinterpreted? to be a physical constant of any 
given material. A drastic example to show that this is not 
the case is exhibited by the angle of repose of solid H,O 
near its melting point.? The extremely small friction of ice 
surfaces near the melting point is due to lubrication by 
water at the points of contact between the sliding surfaces. 
The static friction of compressed snow is appreciably 
higher, particularly if the snow rests on a metal surface, 
which is at room temperature. Much higher still is the 
static friction of loose snow, and in fact the coefficient of 
static friction of solid H,O near its melting point may as- 
sume any value from almost zero in the case of nonporous 
ice to infinity in the case of loose snow, which through its 
porosity dries up the water arising at the contact with the 
warmer base, i.e., the molten surface irregularities, and 
only leaves a thin adhesive film between the mating 
materials. 

Merchant‘ recently proposed an analytical expression 
for the coefficient of static friction consisting of two terms, 
which should account for the interaction of surface force 
fields and for the interlocking of surface irregularities, 
respectively. These two terms are somewhat interrelated, 
and it seems impossible to consider two limiting cases such 
that there be either contact between two ideally smooth 
solids of different curvature or between ‘‘a pair of rough 
flat surfaces” for which the force per unit area necessary to 
cause slip or shear of the contact area be zero. 

If one could split a single crystal along its cleavage plane 
in an ideal vacuum and would recontact the cleavage 
planes of the two crystal parts, the ‘‘coefficient of static 
friction’ would be found equal to the shear strength of the 
crystal. However, this experiment cannot be carried out, 
because even the best vacuum obtainable would correspond 
to a sufficiently high pressure to lead to contamination of 
the cleavage plane, before contact could be re-established. 

_ On the other hand, if one considers the contact between 

‘two mechanically polished surfaces, their profile is ir- 
regularly corrugated, and they will make contact at their 
highest points which may protrude 10~* cm to 10~* cm from 
the ‘‘valleys.’’ The actual area of contact is then a fraction 
of the nominal area of contact while this would not be the 
case if the mating surfaces were corrugated regularly and 
if there were complete interlocking. The ratio between 
actual and nominal area tends towards unity, as the load 
is increased, unless the solids are as brittle as, for instance, 
a piece of lump sugar and are crushed before they can flow. 
It follows from this argument that the coefficient of static 
friction should assume the order of magnitude of unity, if 
there are neither lubricating nor adhesive intermediate 
layers between the mating surfaces. Merchant's result that 
the effect of surface roughness is ordinarily negligible also 
follows. 
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Letter to the Editor 


Traces of sliding friction® can be developed above a certain 
load, if contact was established in the atmosphere. They 
indicate that only a small portion of the nominal surface 
constitutes the area of ‘‘contact”’ and that, in the atmos- 
phere, sliding is accompanied by abrasion. 

It was pointed out elsewhere* that if deformation of the 
surface irregularities played a noticeable part in the mech- 
anism of solid friction, the value of the coefficient of friction 
should have a measurable temperature coefficient. Ex- 
periments on baked out surfaces of cadmium in high 
vacuum foreshadow the existence of the temperature 
coefficient. 

Merchant's result that the coefficient of friction was 
independent of load, except for very minute loads, is 
understandable, since very minute loads can only be 
exerted by very light particles for which the electrostatic 
interaction’? with the base on which they rest assumes 
noticeable proportions. 

Amontons deduced his law from some rather crude 
experiments. It expresses the fact that over a certain region 
of loads the tangential force of friction is proportional to 
the load. This conclusion does not depend upon any par- 
ticular mechanism of friction, but involves that the actual 
area of contact increases linearly with increasing load. The 
physical interpretation of the coefficient of static friction 
between “naked” surfaces in vacuum depends upon re- 
sistance against deformation and shear of the surface 
irregularities and upon contact electrification. If, for ex- 
ample, the surfaces are oxidized, the shear strength of the 
surface irregularities is comparatively small. A slider of 
about 3 g weight resting on two pairs of crutches can then 
be inclined at 90° without sliding, whereas under the same 
surface conditions a considerably heavier slider will move 
at a smaller angle of inclination by shearing off particles, 
i.e., sliding will occur in this case as soon as the gravita- 
tional force is exceeding the shear strength of the surface 
irregularities. The electrostatic component of static fric- 
tion is well known and dreaded, for instance, by paper 
manufacturers. Unless the paper has been impregnated 
with some conducting material, a reel of paper will with- 
stand unreeling and, rather, tear. 

It is the purpose of these remarks to show that the ap- 
parent coefficient of static friction is not a physical constant 
of any given material and that apart from the action of 
intermediate layers between two solids in frictional contact, 
deformation and abrasion of the surface irregularities and 
contact electrification are involved in the mechanism of 
static friction. 

R. SCHNURMANN 


London Midland and Scottish Railway Company, 
Research Laboratory, 
Derby, England, 
April 2, 1940. 


1G. Amontons, Mém. Acad. Roy. Sci. 206 (1699); 96 (1704). 

2 R. Schnurmann, Mech. Eng. 62, 408 (1940). 

*R. Schnurmann, Nature 145, 553 (1940). 

4M. E. Merchant, J. App. Phys. 11, 230 (1940). 

5 R. Schnurmann, “ ‘Traces’ of frictional contact and experiments 
on adhesion,’’ submitted for publication. 

*R. Schnurmann, “Experiments on the elementary mechanism of 
solid friction,” submitted for publication. 

7 R. Schnurmann, Proc. Phys. Soc. London 52, 179 (1940). 
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Until recently it was an accepted fact 
that surface damage to die blocks was un- 
avoidable when they were bright hard- 
ened by regular production methods. But 
this is no longer true. Research by West- 
inghouse engineers has not only revealed 
the causes of this injury to dies, but has 
resulted in the discovery of a new atmos- 
phere for bright hardening—known as 
Ammogas—and the development of a 
new electric furnace for its use. 


Using these two new products of indus- 
trial research it is now possible to bright 


«& Accurate Pre-Determination of Die Sizes 


developed by 
Westinghouse 


NEW GAS--CREATED BY RESEARCH--BRIGHT HARDENS DIES 
WITHOUT OXIDATION @© DECARB e OR CRACKING 


harden the most complicated dies, under 
regular production conditions, without a 
trace of oxidation, decarburization, or 
cracking—the factors which formerly 
caused the damage. Not only will the 
new gas bright harden high carbon steels 
without decarburization, but it will also 
bright harden the high chromium alloys 
and stainless steels. 


Through the use of this new develop- 
ment, the quality of dies has been greatly 
improved. Shop reports show that in 
some cases tools hardened by the Ammo- 
gas method have double the life of identi- 
cal tools hardened by conventional means. 
Production costs have been lowered, also, 
because the laborious stoning and grind- 
ing formerly required to repair damaged 
dies have been greatly reduced. And for 
the first time it is possible to calculate ac- 
curately in advance the final dimensions 
that a piece of work will have after hard- 
ening. 


Dimensional changes on hardening distortion 
test specimens of high-carbon, high-chrome 
type and intermediate alloy type steels. All 
specimens hardened to 64-65 Rc (790-820) 
DPH). 


FOR ADDITIONAL INFORMATION WRITE WESTINGHOUSE ELECTRIC & MAN- 
UFACTURING CO., INDUSTRIAL HEATING SECTION, EAST PITTSBURGH, PA. 


Please mention this journal when writing to advertisers 


iii 
\; 

fox: 
nee 
> 
° 
: 


September, 19140 


Innovations in Instruments 


Accordion Edge Loudspeaker 


An “‘accordion edge’ loudspeaker, 7 inches in diameter 
with a frequency response of from 80 to 7000 cycles is 
announced by the RCA Manufacturing Company, Cam- 
den, New Jersey. The new feature is a folded or ‘“‘accordion 
edge’ cone support which permits the cone to move more 
freely when driven by the permanent magnet speaker 
mechanism. It is expected by the manufacturers that this 
loudspeaker (Model MI-6233) will be in demand for 
schools, churches, hotels, clubs, and other places which 
require small but high quality loudspeakers. 


Vitamin A Meter 


Photoelectric measurement of Vitamin A concentration 
in fish oils, such as cod liver, halibut, or haliver oil is 
accomplished by a new instrument announced by G-M 
Laboratories, Inc., of Chicago. The unit was originally 
developed by the United Drug Company, Boston, and is 
called the United Drug Company Vitamin A Meter. The 
design of this meter is based on tke principle of the ab- 
sorption of certain wave-lengths of ultraviolet radiation by 
the Vitamin A. This absorption is determined by measuring 
the remaining ultraviolet radiation directly, using special 
photoelectric cells in a special circuit. A single reading on 
a properly prepared sample usually takes less than five 
minutes, 


Bridge Instruments 


Three new instruments for use in bridge measurements, 
introduced recently by Offner Electronics, Chicago, are 
illustrated in the accompanying figure. The first is the 
Type 720 1000-c.p.s. vacuum tube oscillator. For this 
instrument the distortion is 0.1 percent at 20 mw output, 
with a maximum power output of 90 mv, the manufacturer 
states. The second is the Type 120 amplifier having 50 db 
gain, for use with headphones or some other null detector. 
It may be used untuned over the range of 30-15,000 c.p.s. 
or tuned, to 100 ¢c.p.s. In the latter case, it provides a 
discrimination of over 30 db against harmonics or a.c. 
pick-up, thus reducing the masking of the null-point. The 
third of the new line of instruments is the Type 800 
Universal Bridge designed for resistance, conductance, 
and reactance measurements at any audiofrequency, as 
well as for d.c. resistance measurements. The decade range 
is 1 to 100,000 ohms, with ratios of from 0.01 : 1 to 100 :1. 


Electronic Bridge Model 


An électronic bridge which, besides being used as a 
conventional bridge, can also serve as a percentage bridge 
and as a synchrometer, is announced by the Hickok 
Electrical Instrument Company, 10514 Dupont Avenue, 
Cleveland, Ohio. Outstanding features of this new Model 
No. 575 include, according to the announcement, a cosine 
galvanometer in the shielded circuit, built-in standards 
and provisions for external standards, and null balance. 
A.c. power is used for operation. Changes in capacity as 
low as 1 micromicrofarad can be detected, and the instru- 
ment measures capacities beyond 1000 microfarads. A 
photograph of this Hickok electronic bridge is shown below. 


Radio Noise Meter 


The development of an instrument for the measurement 
of radio noise and interference has been recently announced 
by the RCA Manufacturing Company, Camden, New 
Jersey. The instrument is known as the RCA Type 312 
Radio Noise Meter, and its principal uses include measur- 
ing the noise levels of transmission lines, electrical appa- 
ratus, ani field strength of radio signals in comparison 
with noise levels. When equipped with a directive loop 
antenna, it indicates the direction of signals and inter- 
fering noises. Fundamentally, the meter is a superhetero- 
dyne receiver provided with a small vertical antenna and 
containing an output metering system which is equipped 
with an integrating network giving quasi-maximum 
indications on a direct-reading meter. The instrument 
employs a self-contained calibrating source. 
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Improved Class L Sensitizing 
for Eastman Spectroseopie Plates 


| 


Wedge spectrogram of the Improved Class L Sensitizing 


ew SPECTROSCOPIC PLATES prepared with Class L Sensitizing respond 
through the spectrum from the near ultraviolet to the infrared at 29000 A. 
They are intended for observations of broad spectral regions in a single exposure, 
and are especially useful for preliminary surveys in spectrographic analysis. 

These plates have recently been materially improved — particularly by increasing 
the infrared sensitivity so that the response through the entire spectral range is 
much more uniform. The new Class L Sensitizing is applied to Types I, LI, LI, 
IV, 144, and Va emulsions. 


Be sure to visit the Kodak Building at the New York World’s Fair 


EASTMAN KODAK COMPANY 
Research Laboratories . Rochester, N. Y. 


A Distinctive New Text 


MATTER, MOTION AND ELECTRICITY 
A Modern Approach to General Physics 


By H. D. Smyrn, Princeton University, and C. D. Urrorp, Allegheny College 
647 pages, 6x9. $3.75 


Teachers everywhere have welcomed this text as a fresh, original approach to the in- 
troductory course. The following comments are typical: 


“It is in my opinion the best introductory text both for students intending to major in physics and for 
students taking a general college physics course.” 
Professor Bens. L. SNavety, Lehigh University 
“The book is unquestionably a great forward step in college teaching . . . a distinguished piece of work.” 
Professor L. A. DuBrincre, University of 
Rochester, in Review of Scientific Instruments. 
“The whole treatment is novel and new . . . the text should be a real experience to the beginning 
college student.” 
Professor Niet University of 
Chicago, in Science. 


Send for a copy on approval 


McGRAW-HILL BOOK COMPANY, INC. 


330 West 42nd Street New York, N. Y. 
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PROVED PERFORMANCE 


_IN HIGH VOLTAGE AND HIGH 


OPENING NEW ENGINEERING HORIZONS 


After 2! years of extensive field use, these unique IRC Resistor 
types have established themselves as essential tools wherever high 
voltage or high frequency problems are involved. Far beyond the 
experimental stage, they have paved the way to many important de- 
velopments ranging from high voltage dividers and meter multipliers 
to high frequency and surge generator applications. 

IRC Type MV Resistors are available in 5 standard sizes from | to 
150 watts and from 150 to 10,000 megohms—also many special types. 

IRC Type MP Resistors are designed for ultra-high frequency 
service where power dissipation is required. Five standard sizes, from 
5 to 150 watts and from 5 to 25 ohms min. with 1000 megohms maximum. 

Both of these types utilize the famous ‘“‘Metallized” resistance 
principle"and have the same voltage coefficient, frequency_and stabil- 
ity characteristics as IRC Types BT and F Resistors. 

Bulletin II gladly sent upon request. 


INTERNATIONAL RESISTANCE CO., 419 N. Broad St., Philadelphia, Pa. 


JOURNAL OF SCIENTIFIC INSTRUMENTS 


A MONTHLY PUBLICATION DEALING WITH 
THEIR PRINCIPLES, CONSTRUCTION AND USE 
AND THE APPLICATION OF PHYSICS IN INDUSTRY 


Produced by the Institute of Physics with the Co-operation of the National Physical Laboratory 
CONTENTS 
Special Articles dealing with the Trend of Development of various classes of Instruments, Working Processes, 
and with Matters of General Interest to Manufacturers. 
By Recognised Authorities. 
Contributed Papers on New Methods and Apparatus. 
By Workers in every Branch of Science and Manufacture. 
New Instruments Section: the scope includes 
Physics and Chemistry 
Optics and Surveying 
Meteorology and Metrology 
Electrical and Mechanical Engineering 
Physiology and Medicine. 


Laboratory and Workshop Notes, Correspondence, New Books, Catalogues, Notes and Comments, and 
Institute Notes are also included. 


The subscription rate for a yearly volumeis £ 1.10.0 net (post free) payable in advance. Separate parts 2s.8d. 
(post free). Subscriptions should be sent to the publishers. 


THE INSTITUTE OF PHYSICS 
THE UNIVERSITY, READING, BERKS ENGLAND 


Please mention this journal when writing to advertisers 
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QUARTZ SPECTROGRAPH 


OUTSTANDING Features of the new 
“GAERTNER” Quartz Spectrograph 
L 250-93— 


Range 185 to 800 mu 


2. Usable with 3144” x 414” size plates 
or films 


. Accurate wavelength scale 


3 
4. Excellent definition over entire range 
5. Rugged construction 

6 


Permanent accuracy 


Descriptive Bulletin 
No. 149-04 on request 


THE GAERTNER SCIENTIFIC CORPORATION 
1212 Wrightwood Ave. CHICAGO, U.S.A. 


‘TYPE B POTENTIOMETER 


A high-grade, general-purpose laboratory po- 
tentiometer with 3 ranges: 1.6, .16 and .016 volts. 
Extremely accurate and convenient. Used in lead- 
ing standardizing laboratories. 


Described in Bulletin No. 270 which also be J A G A B | 


lists Rubicon portable potentiometers. 


HAND TACHOSCOPE 


Other products: standards of resistance, in- 

y This combined speed-counter and stop-watch gives the exact 
ductance and capacitance, Wheatstone and Kel- oaamunied revoiutiozs in the exact time in which they were made. 
vin bridges, resistance boxes, galvanometers, Measures speed with “split-second accuracy”’ up to 20,000 r.p.m. 
electrometers, permeameters, colorimeters. Write for Bulletin 1505-R describing these and other speed- 

measuring instruments. 


RUBICON COMPANY JAMES G. BIDDLE CO. 


29 North 6th Street Philadelphia, Penna. FLECTRICAL AND SCHENTIFIT INSTRUMENTS 
1211-13 ARCH STREET PHILADELPHIA, PA. 


Please mention this journal when writing to advertisers 
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WELCH 


Newly 
Designed 


TRIPLE-BEAM BALANCE 


and all 
parts 
stain- 


Beams 

exposed 
made of 
less steel. 


Knife edges are 


hard, corrosion 


resistant Stellite, 


No. 4050—STAINLESS STEEL BALANCE. 
With etched graduations, 
extra weights, each 


Sensibility less than 0.1 g. 


Send for complete circular 


Established 1880 
1515 Sedgwick Street 


An eight pound rock salt prism blank cut from | 


a twenty-five pound single crystal 


SYNTHETIC CRYSTAL OPTICS 


For infrared and ultraviolet spectroscopy and for 
polarizing optics. . 
Fluoride, Sodium Chloride, Sodium Nitrate, and 


Potassium Bromide cut to your specifications. | 


... Write for information. 


THE HARSHAW CHEMICAL CO. 


SPECIAL PRODUCTS DIVISION CLEVELAND, OHIO | 


Complete with 
$12.00 


W. M. Welch Scientific Company 


Chicago. Illinois, U.S.A. 


. . Single crystals of Lithium | 


insuring life 
10 to 20. times 
that of hardened 
steel. 


TOTAL 
CAPACITY— 
1610 g. 
Equipped with 
beam arrest, best 
quality agate 
bearings and 

bearing cover. 


Scientifie Instruments -Laboratory Ap- 
paratus. Catalog lists more than 10,000 
items covering all the sciences, 


ASK FOR IT. 


STABILIZED A-C VOLTAGE 


INPUT 95 130 volts 
Instantaneous action 
A magnetic unit 


115 volts +'4% 
Stabilizes at any load 
within rating 
j No moving parts. Nothing to wear out. 
RAYTHEON Voltage Stabilizer 


APPLICATIONS Broadly it insures stable operation 


of all precision apparatus obtaining its power from 
an A.C. source, for example :— 


e@ Insures constant brilliancy from all types of 
lamps. 


e@ Improves the operation of X-ray equipment. 
e@ Stabilizes all electronic apparatus. 
Write for Bulletin 48-71 JP. 


RAYTHEON MFG. CO. 


Please mention this journal when writing to advertisers 
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MORE ACCURATE 
SIGNALS... by 


For checking, testing 
and servicing 
radio circuits, rely 
on signal-source 
accuracy ! 


New RCA Test Oscillator Signalyst 


No. 167 The modern signal generator for 

New, easy-reading, accurate television and all receivers. 

dial-scale...1.0 Full Volt Maxi- Buffer stage between oscillator 

mum R.F. Signal...100 to 30,- and output prevents reflected 
000 Ke. fundamentals in six impedances in circuit test 

bands. Sixth-Band Harmonics from changing oscillator fre- 

tor U.H.E. testing. 400-cycle, uency. 100 Kc. to 120 Mc. in 

8-volt audio. Only $34.50 net. fundamentals. Metered output, 

etc. Write for details. $107.50 

Electronic Sweep Test net. 


Oscillator No. 150 Beat Frequency Audio 


Internal electronic frequency 
modulator sweeps at 120 cycles, Oscillator No. 154 


1 to 40 Kes. adjustable range at Sine-wave audio, 30-15,000 cy- 
any output frequency. Accu- cles, for running fidelity curves, 
rately calibrated. R.F. fre- testing speakers, speech — 

es 


quency 90-32,000 Kes. funda- fiers, locating cabinet ratt 
menta 


s. Only $64.50 net. 5S RCA Tubes. Only $49.95 net. 


RCA Mfg. Co., inc., Camden, N. J. - A Service of the Radio Corporation of America 
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FIRST SURFACE 


MIRRORS. 
by High Vacuum Deposition 


EVAPCO first surface are excellent 
for projection mirrors and other uses 
that require an opaque mirror of 
high reflectivity that does not tar- 
nish or give double image. 


DUOLUX semi-transparent for one 
exposure three color cameras, range 
finders, or wherever an accurate 
beam-splitter is needed. Made to 
order for all practical transmission 
—reflection ratios. 


EVAPORATED 
METAL FILMS CORP. 
ITHACA, N. Y. 


! 


RECERTIFICATION 
of 
STANDARD CELLS 


_ Industry is continually demanding more 
and more accuracy from science. With 
proper treatment your Eppley precision 
type standard cells will meet this demand, 
but we wish to point out that according to 
authoritative sources the emf of cadmium 
cells should be redetermined at intervals 
of not more than two years. 


In this connection we are pleased to offer 
the services of a finely equipped labora- 
tory and a competent personnel. Our 
saturated standards, maintained in closely 
controlled oil baths, are regularly com- 
pared with the national standards at the 
National Bureau of Standards in Wash- 
ington. 


We will be pleased to examine and report 
on the condition of your cells without 
charge. For recertification a charge of 
Three Dollars ($3.00), plus postage and 
insurance is made. Approximately two 
weeks should be allowed for recertifica- 
tion. 


THE EPPLEY LABORATORY, INC. 


SCIENTIFIC INSTRUMENTS 


NEWPORT, 
U.S.A. 
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A Wealth of Valuable Data on 
RESISTORS, RHEOSTATS, TAP SWITCHES 


Name 


Bauscu & Lomsp Optica, Company 
Makers of Microscopes, Microtomes, Colorimeters, Re- 
fractometers, Spectrometers, Balopticons, Photomicro- 
graphic and Microprojection Apparatus and related in- 
struments. Also makers of Orthogon Eyeglass Lenses 
for Better Vision. 


James G. Bippte Company 
“* Jagabi’’ Rheostats; Adam Hilger and Kipp & Zonen 
Optical Instruments; “ Pointolite’’ Lamps; Electrical 
Testing and Speed-measuring Instruments. 


CENTRAL CoMPANY 
Manufacturers of Cenco Physical Apparatus and Instru- 
ments to meet all requirements of University, College 
and High School Physics Laboratories. Specializing in 
high vacuum pumps and development of instruments 
and apparatus for various sciences. 


EASTMAN KopakK CoMPANY 


Purified Organic Chemicals for research purposes; Plates 


for Photography, Photomicrography, Spectroscopy, Pho- 
tometry, Astronomy; Wratten Light Filters; Cameras 
and Films. 


Tue Epptey Laporatory, Inc. 
Standards of e.m.f. (standard cells). Precision electrical 
instruments; potentiometers, bridges, temperature bridges, 
volt boxes. Thermopiles and pyrheliometers. 


EvaAporATED MetaAL Fitms CorPoraTION 


First surface and semi-transparent mirrors by high vac- 


uum deposition. 


GAERTNER SCIENTIFIC CORPORATION 
Spectroscopes, Spectrometers, Spectrographs, Spectropho- 
tometers, Heliostats, Measuring Microscopes, Compara- 
tors, Cathetometers, Reading Telescopes, Interferometers, 
Chronographs, Dividing Machines, etc. 


GENERAL Rapio CoMPANY 
Manufacturers of electronic measuring instruments: 
vacuum-tube voltmeters, amplifiers and oscillators; wave 
analyzers, noise meters and analyzers, stroboscopes; lab- 
oratory standards of capacitance, inductance and fre- 
quency; impedance bridges, decade resistors and con- 
densers; air condensers and variable inductors; rheostats, 
Variacs, transformers; other laboratory accessories. 
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Cover 3 


It’s More Than A Catalog— it's a com- 
plete, handy reference on the use of 
resistors, rheostats, tap switches, 
chokes and attenuators in laboratory 
and electronic equipment—in the 
control of motor speed, of heat and 
light, of signal and supervisory cir- 
cuits—in products and special appli- 
cations—in instrument rooms, main- 
tenance and production. 


96 Pages full of helpful information: 
practical engineering data—manual of 
resistance measurements—wide range 
of stock and special resistance units 
for Laboratory, precision, R.F. and 
industrial applications. 


GET YOUR COPY NOW! Write us 
on your company letterhead giving 
your name and position. Catalog 40 
will be sent to you at once without 
obligation! 


OHMITE MANUFACTURING COMPANY 
4888 Flournoy Street, Chicago, U. S. A. 


Name 


HarsHAW CHEMICAL COMPANY 
Optical Lithium Fluoride grown in single crystal to pre- 
determined size. Industrial Chemicals. 


INTERNATIONAL RESISTANCE CoMPANY oe 
Manufacturers of metallized and wirewound fixed and 
variable Resistors including high voltage and high fre- 
quency types. 


JouRNAL oF Screntiric INSTRUMENTS . 


Leeps & Norturup CoMPANyY 
Manufacturers of Galvanometers, Resistors, Bridges, 
Condensers, Inductances, Potentiometers, Testing Sets; 
Temperature Measuring, Recording and Controlling Ap- 
paratus; Instruments for Measuring and Controlling 
Conductivity of Electrolytes and Hydrogen Ion Con- 
centrations. 


McGraw-Hitt Book Company, INc. . 


OuMITE MANUFACTURING COMPANY 
Manufacturers of close control rheostats, fixed and ad- 
justable power resistors, precision and non-inductive 
resistors, attenuators, tapswitches and R.F. chokes. 


RAYTHEON Mrc. CoMPANy . 
Voltage stabilizers and regulators. Electrical measure- 
ment and control instruments. 


RCA MANUFACTURING Co., INC. 
RCA Oscillators and Oscillographs, RCA Test Equip- 
ment, RCA Ultra-Sensitive DC Meter. 


Rusicon CoMPANY 
Galvanometers, electrometers, potentiometers, Wheatstone 
and Kelvin bridges, resistance boxes, hydrogen ion and 
conductivity apparatus. 


W. M. Wetcu Scientiric CoMPANy .. 
Scientific instruments—laboratory apparatus. Catalog lists 
10,000 items. 
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NEW Portable 


Megohmmeter 
with a 


Resistance Range of 
TWENTY MILLION TO ONE 


O meet the need for a portable, d-c op- 

erated megohmmeter similar to the older 
Type 487-A Megohmmeter developed over 
four years ago, G-R announces the new 
Type 729-A instrument. This meter retains 
the basic circuit features of the a-c meter, 
but incorporates a number of improvements 
which increase its stability, its range and its 
compactness. The new meter is particularly 
suited to measurements of moisture content 
of various materials by the conductivity 
method where extremely wide resistance 
ranges must be covered. 


FEATURES 


® WIDE RANGE— 2,000 ohms to 50,000 
megohms, in 5 overlapping steps 


® IMPROVED STABILITY—highest-value 
resistance standard sealed in vacuum 
and coated to prevent surface leak- 
age; greatly increases stability on the 
high range 


® COMPACT—weighs only 834 pounds; 
dimensions: 11 x 654 x 57% inches 


® IMPROVED CIRCUIT—battery placed in 
measuring loop without any control- 
ling resistances; low-resistance limit 
determined by internal resistance of 
battery . 


® GOOD ACCURACY—within 2% from 
30,000 to 300,000 ohms; within 5% 
from 300,000 ohms to 3,000 megohms ; 
decreases to about 10% at 10,000 
megohms 


® CONVENIENCES—zero adjustment auto- 
matically corrects sensitivity to in- 
sure correct readings throughout life 
of batteries; instrument is automati- 
cally turned off when cover is closed 


® LOW VOLTAGE ON UNKNOWN—does 
not exceed 221% volts and varies with 
meter reading 

Ty “:729-A MEGOHMMETER((complete 

wit, tube and batteries)...... . $85.00 


RITE FOR BULLETIN 625 FOR 
COMPLETE INFORMATION 


COMPANY 
(BRIDGE, MASSACHUSETTS 


sENERAL RADIO 


MEGOHMS “¥ 


fail; 
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MEGOHM 


GENERALRADIOCOMPANY 
MANUFACTURED BY 


G 
GENERAL 56) ELECTRIC 


Standard direct-reading ohmmeter scale calibration WJ 
with center scale values of .1,1, 10.100, and 1,000 © 
megohms; except at the extreme ends of the range, “@ 
only the center decade of the scale need be used. © 


1,000-megohm standard 
resistance sealed in vac- 
uum and coated to pre- 
vent surface leakage. 
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CONCAVE GRATING 


SPECTROGRAPH 


Beyond the visible portion of a spectrum in the shorter wavelengths, mest metals produce spectral lines which provide 
the means for determining the percentages of metallic impurities to very small values. To “observe” these spectral 
lines, it is necessary to employ a spectrograph. On account of the simplicity and comparatively low cost of the Ceneo 
Grating Spectrograph, it ts finding increased application for this purpose. It meets the requirements of the ASTM 
for quantitative spectrochemical analysis of high grade pig lead for copper, bismuth, silver and nickel. The ASTM 
Tentative Methods, E25-37T, E26-37T and E27-37T give complete directions for making the analysis. 


The Cenco Grating Spectrograph employs a selected Wallace Replica Concave Grating to produce the normal spectrum, 
In the spectrogram produced with the grating, wavelengths bear a linear relation to.the linear measurements of the 
spacing of the lines. The spectrograph has recently been improved so that the film holder is moved vertically by 
means of rack-and-pinion, with fourteen stops. This makes possible the taking of fourteen spectrograms, for come 
parison analysis, on the same film. It is possible, likewise, with No. 87123 Sector Disk, to employ the method of 
analysis in which the lengths of certain lines in the spectrum, taken while the logarithmic disk is being rotated in 
. front of the slit, are a measure of the amount of component to which these lines are due. 


Ask for Bulletin 107 


7102. Cenco Grating Spectrograph 
7123. Sector Disk and Slit... 
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ScIENTIFIC INSTRUMENTS & LABORATORY APPARATUS 
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Lakeview Station Cambridge A Station 
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G. W. Scott Blair 


John B. Whitehead is Professor of Electrical Engineering 
and Director of the School of Engineering in The Johns 
Hopkins University. As Chairman of the Conference on 
Electrical Insulation of the National Research Council he 
has been active in promoting interest in research in the 
field of dielectrics and electrical insulation, and has himself 
been a frequent contributor. 


James C. Filmer has been an engineer in the Vacuum 
Tube Engineering Department of the General Electric 
X-Ray Corporation of Chicago, since 1938. He received his 
B.S. degree from Armour Institute of Technology in 1931. 
From 1935-1937 he was associated with the Tung-Sol 
Lamp Works, Newark, New Jersey. 


M. Mooney is physicist in the General Development 
Division of the United States Rubber Company, Passaic, 
New Jersey. He received his Ph.D. degree from the 
University of Chicago in 1923 and has had wide experience 
in the industrial field. Dr. Mooney was a national research 
fellow in 1924-27. 


Bun Po Kang, Dr. Eng., is a Post-Doctoral Scholar in 
The Johns Hopkins University and also Research Assistant 
in the High Tension Laboratories of the General Cable 
Corporation. 


Zed J. Atlee is chief engineer of the Vacuum Tube 
Engineering Department of the General Electric X-Ray 
Corporation, Chicago. He received his B.S. degree in 
electrical engineering from Oregon State College in 1929. 
Until 1932 he worked on x-ray tube development in 
General Electric’s Research Laboratory at Schenectady, 
New York. Mr. Atlee’s picture appeared on p. 540, Vol. 8, 
No. 8, 1937. 


Gerald W. Fox received the Ph.D. degree in physics 
from the University of Michigan in 1926 and was associated 
with the University until 1930 when he came to Iowa 
State College. Since 1934 he has been Professor of Physics 
at that institution. 


George W. Scott Blair has worked on 
the rheology of soils, flour, dough, honey, 
etc. at the Rothamsted Experimental 
Station, and on ceramic materials as a 
Rockefeller Fellow at Cornell University. 
He is head of the Chemistry Department 
at the (British) National Institute for 
Research in Dairying, working mainly 
on dairy rheology. 
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Jack T. Wilson is the engineer in charge 
of x-ray diffraction research for the In- 
dustrial Sales Department of the General 
Electric X-Ray Corporation, Chicago. 
Mr. Wilson, a graduate of the College of 
Emporia, served as Assistant Professor 
of Chemistry there and later as Chief 
Chemist of the Stimson Reflector Com- 
pany of Chicago. 
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Contributors to This I 
J. B. Whitehead 
a" B. P. Kang 


F. Johnson Dix took his B.Sc. Spec. in physics at 
Reading University, England, in 1936. He resumed his 
scientific work in 1939 when he joined the staff of the 
National Institute for Research in Dairying, Reading. 
He is studying the physical properties of dairy materials. 


Pictures and biographical sketches of the following 
contributors have appeared in earlier issues of the Journal 
of Applied Physics: 

Lan Jen Chu, p. 580, Vol. 9, No. 9, 1938. 
Ronold King, p. 621, Vol. 10, No. 9, 1939. 


Here and There 


American Radium Society Awards Medal 


Mrs. Edith H. Quimby, Associate Physicist of Memorial 
Hospital for the Treatment of Cancer and Allied Diseases, 
New York, was presented with the Janeway Medal for 
distinguished service in radiological physics of the Ameri- 
can Radium Society at the twenty-fifth annual dinner of 
the society at the Waldorf-Astoria on June 6.—Science. 


* 
Panel to Study Radiological Treatment 


A panel of consultant physicists to consider means of 
improving radiological treatment has been formed in 
England under the sponsorship of the King Edward’s 
Hospital Fund. Its personnel is as follows: Dr. H. T. Flint 
and colleagues, Physics Department, Westminster Hos- 
pital; Mr. L. G. Grimmett and colleagues, Physics Depart- 
ment, Radium Beam Therapy Research, Radium Institute; 
Professor F. L. Hopwood and colleagues, Physics Depart- 
ment, St. Bartholomew's Hospital; Dr. W. V. Mayneord 
and colleagues, Physics Department, Royal Cancer Hos- 
pital; Professor S. Russ and colleagues, Physics Depart- 
ment, Middlesex Hospital. The panel will serve many 
hospitals in which radium and x-ray treatment is used, 
but in which lack of funds prohibits the employing of a 
physicist on the staff. 

* 


Conference on Science, Philosophy and Religion 


Papers by Drs. Edwin G. Conklin, Philipp Frank, 
Harold D. Lasswell, and Albert Einstein will be read at 
the Natural Sciences section of the Conference on Science, 
Philosophy and Religion in Their Relation to the Demo- 
cratic Way of Life, to be held at the Jewish Theological 
Seminary of America, New York City, on September 9, 
10 and 11. Other sessions of the Conference will be devoted 
to the social sciences, philosophy, and religion and the 
philosophy of education, according to the announcement 
of the founding members. 


* 
Necrology 


Professor A. E. H. Love, F.R.S., Sedleian Professor of 
Natural Philosophy in the University of Oxford, died on 
June 5, according to an announcement in Nature. 
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Cornell University Appointments 


Dr. Peter J. W. Debye, of the Kaiser Wilhelm Institute 
of Physics at Berlin-Dahlem, who has been George F. 
Baker visiting lecturer in chemistry at Cornell University 
during the past term, has received the appointment of 
Professor.and Chairman of the Department of Chemistry 
at Cornell, Science notes. His son, Peter Paul Debye, will 
be associated with Professor Debye in research in the 
Baker Laboratory of Chemistry. Professor Jacob Papish, 
who has been Chairman of the department, will continue 
as Vice Chairman. 

Dr. Bruno Rossi, who has served as Professor of Physics 
at the University of Padua and research associate at the 
University of Chicago, has been appointed Associate 
Professor of Physics at Cornell University. 


* 
Promotions and New Appointments 


The Physics Department of the University of Minnesota 
announces that Dr. Alfred O. Nier has been promoted to 
the position of Associate Professor in that department. 

Professor S. R. Milner, F.R.S., will retire from the chair 
of physics at the University of Sheffield in September, 
Nature reports. 


* 


A recent issue of Science carries the announcement that 
at Union College, Schenectady, New York, the degree of 
Doctor of Science has been conferred on Dr. Saul Dushman, 
Associate Director of the General Electric Research 
Laboratory, Schenectady, New York. 


* 


Calendar of Meetings 


September 
3-6 American Society of Mechanical Engineers, Spokane, Wash- 


ington F 
9-13 American Chemical Society, Detroit, Michigan 


October 


3-5 Optical Society of America, Rochester, New York 

7-11 National Safety Council, Chicago, Illinois 
18-19 Society of Rheology, New York, New York 
21-25 American Society for Metals, Cleveland, Ohio 
21-26 American Welding Society, Cleveland, Ohio : 
28-30 National Academy of Science, Philadelphia, Pennsylvania 
28-Nov. 2 Conference on Applied Nuclear Physics, Cambridge, 

Massachusetts 


November 


15-16 Acoustical Society of America, Chicago, Illinois 
22-23 American Physical Society, Chicago, Illinois 
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Letter to the Editor 


The Mechanism of Static Friction 


Amontons’ law' of friction expresses the tangential 
frictional force to be directly proportional to the load. The 
proportionality factor is called the coefficient of friction and 
is usually misinterpreted? to be a physical constant of any 
given material. A drastic example to show that this is not 
the case is exhibited by the angle of repose of solid H,O 
near its melting point.* The extremely small friction of ice 
surfaces near the melting point is due to lubrication by 
water at the points of contact between the sliding surfaces. 
The static friction of compressed snow is appreciably 
higher, particularly if the snow rests on a metal surface, 
which is at room temperature. Much higher still is the 
static friction of loose snow, and in fact the coefficient of 
static friction of solid H,O near its melting point may as- 
sume any value from almost zero in the case of nonporous 
ice to infinity in the case of loose snow, which through its 
porosity dries up the water arising at the contact with the 
warmer base, i.e., the molten surface irregularities, and 
only leaves a thin adhesive film between the mating 
materials. 

Merchant‘ recently proposed an analytical expression 
for the coefficient of static friction consisting of two terms, 
which should account for the interaction of surface force 
fields and for the interlocking of surface irregularities, 
respectively. These two terms are somewhat interrelated, 
and it seems impossible to consider two limiting cases such 
that there be either contact between two ideally smooth 
solids of different curvature or between ‘‘a pair of rough 
flat surfaces” for which the force per unit area necessary to 
cause slip or shear of the contact area be zero. 

If one could split a single crystal along its cleavage plane 
in an ideal vacuum and would recontact the cleavage 
planes of the two crystal parts, the ‘‘coefficient of static 
friction” would be found equal to the shear strength of the 
crystal. However, this experiment cannot be carried out, 
because even the best vacuum obtainable would correspond 
to a sufficiently high pressure to lead to contamination of 
the cleavage plane, before contact could be re-established. 

On the other hand, if one considers the contact between 
two mechanically polished surfaces, their profile is ir- 
regularly corrugated, and they will make contact at their 
highest points which may protrude 10~* cm to 10~ cm from 
the “‘valleys.”” The actual area of contact is then a fraction 
of the nominal area of contact while this would not be the 
case if the mating surfaces were corrugated regularly and 
if there were complete interlocking. The ratio between 
actual and nominal area tends towards unity, as the load 
is increased, unless the solids are as brittle as, for instance, 
a piece of lump sugar and are crushed before they can flow. 
It follows from this argument that the coefficient of static 
friction should assume the order of magnitude of unity, if 
there are neither lubricating nor adhesive intermediate 
layers between the mating surfaces. Merchant’s result that 
the effect of surface roughness is ordinarily negligible also 
follows. 
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Traces of sliding friction® can be developed above a certain 
load, if contact was established in the atmosphere. They 
indicate that only a small portion of the nominal surface 
constitutes the area of ‘‘contact” and that, in the atmos- 
phere, sliding is accompanied by abrasion. 

It was pointed out elsewhere® that if deformation of the 
surface irregularities played a noticeable part in the mech- 
anism of solid friction, the value of the coefficient of friction 
should have a measurable temperature coefficient. Ex- 
periments on baked out surfaces of cadmium in high 
vacuum foreshadow the existence of the temperature 
coefficient. 

Merchant's result that the coefficient of friction was 
independent of load, except for very minute loads, is 
understandable, since very minute loads can only be 
exerted by very light particles for which the electrostatic 
interaction’ with the base on which they rest assumes 
noticeable proportions. 

Amontons deduced his law from some rather crude 
experiments. It expresses the fact that over a certain region 
of loads the tangential force of friction is proportional to 
the load. This conclusion does not depend upon any par- 
ticular mechanism of friction, but involves that the actual 
area of contact increases linearly with increasing load. The 
physical interpretation of the coefficient of static friction 
between ‘‘naked”’ surfaces in vacuum depends upon re- 
sistance against deformation and shear of the surface 
irregularities and upon contact electrification. If, for ex- 
ample, the surfaces are oxidized, the shear strength of the 
surface irregularities is comparatively small. A slider of 
about 3 g weight resting on two pairs of crutches can then 
be inclined at 90° without sliding, whereas under the same 
surface conditions a considerably heavier slider will move 
at a smaller angle of inclination by shearing off particles, 
i.e., sliding will occur in this case as soon as the gravita- 
tional force is exceeding the shear strength of the surface 
irregularities. The electrostatic component of static fric- 
tion is well known and dreaded, for instance, by paper 
manufacturers. Unless the paper has been impregnated 
with some conducting material, a reel of paper will with- 
stand unreeling and, rather, tear. 

It is the purpose of these remarks to show that the ap- 
parent coefficient of static friction is not a physical constant 
of any given material and that apart from the action of 
intermediate layers between two solids in frictional contact, 
deformation and abrasion of the surface irregularities and 
contact electrification are involved in the mechanism of 
static friction. 

R. SCHNURMANN 


London Midland and Scottish Railway Company, 
Research Laboratory, 
Derby, England, 
April 2, 1940. 
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